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Water scarcity and energy shortage are two major issues affecting the various 
countries worldwide. These issues may be potentially alleviated by membrane 
technologies through engineering osmosis processes such as forward osmosis (FO) 
and pressure retarded osmosis (PRO) processes. FO processes may potentially be used 
in desalination and water recycling processes by applying a high osmotic pressure 
draw solution to draw water molecule through a semi‒permeable membrane. In 
contrast, PRO processes can be used in osmotic power generation by mixing two 
different streams with different salinity level through a semi‒permeable membrane. 
However, one of the major challenges of FO and PRO processes is the membrane 
fouling. Membrane fouling reduces the quality and quantity of produced water in FO 
processes and reduces the osmotic power production in PRO processes. Moreover, 
there are extra costs induced by fouling such as production losses during cleaning, and 
additional costs associated with chemicals and equipments used in pretreatments and 
cleaning. Therefore, the research aims to gain a better understanding of fouling 
mechanisms and hopes to develop effective fouling controls in FO and PRO 
processes. 
In FO processes, we have examined the gypsum (CaSO4∙2H2O) scaling phenomena 
on membranes with different physicochemical properties. Three hollow fiber 
membranes made of (1) cellulose acetate (CA), (2) polybenzimidazole 
(PBI)/polyethersulfone (PES) and (3) PBI‒polyhedral oligomeric silsesquioxane 
(POSS)/polyacrylonitrile (PAN) were studied. We have found that surface ionic 
interactions dominate gypsum scaling on the membrane surface. A 70 % flux 
reduction was observed on negatively charged CA and PBI membrane surfaces, due 
 x 
 
to strong attractive forces. In contrast, the PBI membrane surface also showed a 
slightly positive charge at a low pH value of 3 and exhibited only a 30 % flux 
reduction. The atomic force microscopy (AFM) force measurements confirmed a 
strong repulsive force between gypsum and PBI at a pH value of 3. The newly 
developed PBI‒POSS/PAN membrane had ridge morphology and a contact angle of 
51° ± 15° after the addition of hydrophilic POSS nanoparticles and 3 min thermal 
treatment at 95 °C. Such a ridge structure may reduce scaling by not providing a 
locally flat surface to the crystallite at a pH value of 3; thus, gypsum would be easily 
washed away from the surface. Minimal gypsum scaling and an only 1.3 % flux 
reduction were observed at a pH value of 3 on annealed PBI‒POSS/PAN membranes. 
In PRO process, we have studied the fouling behavior of PRO hollow fiber 
membranes under low, moderate and high hydraulic pressures. The thin film 
composite (TFC) PES membrane has a high water permeability (i.e., permeability at 
3.3 L/(m
2∙h)) and good mechanical strength (i.e., burst pressure at 22 bar). Membrane 
fouling by gypsum, sodium alginate, and the combined foulants was examined under 
various pressures. In the combined fouling experiments, the membranes were 
conditioned by one of the foulants followed by the other. Flux decline results 
suggested that such conditioning could increase the rate of combined fouling because 
of the change in membrane surface chemistry. Specially, the co‒existence of gypsum 
crystals and alginate at 0 bar led to the synergistic combined fouling and resulted in a 
greater flux decline than the sum of individual fouling. Interestingly, such 
gypsum‒alginate synergistic fouling was not observed under high pressure PRO tests 
because the increased reverse salt flux inhibited the formation of gypsum crystals. 
Therefore, alginate fouling could be the dominant fouling mechanism for both (1) 
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alginate conditioning and then scalants fouling, and (2) scalants conditioning and then 
alginate fouling PRO processes at 8 bar and 18 bar. Since the reverse salt flux 
increases from 5.6 ± 1.1 g/(m
2∙h) at 0 bar to 74.3 ± 9.7 g/(m2∙h) at 8 bar, and finally to 
150.5 ± 2.5 g/(m
2∙h) at 18 bar, the reverse salt ions lead to substantial declines of 
normalized flux at 8 bar and 18 bar because the reverse sodium ions not only reduce 
the effective driving force across the PRO membrane but also induce a significant 
cake‒enhanced sodium concentration polarization layer and facilitate alginate gelation 
near the membrane surface. Therefore, the removal of alginate type foulants from the 
feed water stream may become essential for the success of PRO processes under high 
pressures. 
FO and PRO fouling mechanisms are found to be different from pressure driven 
processes due to the lack of hydraulic pressure on the feed side. However, the reverse 
salt flux in both FO and PRO processes has an impact on the membrane fouling. We 
investigated the individual effects of reverse salt flux and permeate flux on fouling 
behaviors of as‒spun and annealed PBI–POSS/PAN hollow fiber membranes under 
FO and PRO processes. Two types of membrane fouling had been studied; namely, 
inorganic fouling (gypsum scaling) during FO operations and organic fouling (sodium 
alginate fouling) during PRO operations. It is found that gypsum scaling on the 
membrane surface may be inhibited and even eliminated with an increase in reverse 
MgCl2 flux due to competitive formations of MgSO4° and CaSO4∙2H2O. In contrast, 
the increase of reverse NaCl flux exhibits a slight enhancement on alginate fouling in 
both FO and PRO processes. Comparing to the reverse salt flux, the permeate flux 
always plays a dominant role in fouling. Therefore, lesser fouling has been observed 
on the membrane surface under the pressurized PRO process than FO process because 
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the reduced initial flux mitigates the fouling phenomena more significantly than the 
enhancement caused by an increase in reverse NaCl flux. 
With the above knowledge in mind, we can better address the various practical 
fouling problems confronting the FO and PRO processes. Given that RO retentate 
from a municipal water recycling plant is considered as a potential feed stream for 
osmotic power generation, we have examined its feasibility from two aspects: (a) the 
membrane fouling propensity of RO retentate, and (b) the efficacy of anti–fouling 
strategies. The membranes used in this study were inner selective TFC/PES hollow 
fiber membranes, which possessed a high water permeability and good mechanical 
strength. Scaling by phosphate salts was found to be the one possible inorganic 
fouling on the innermost layer of the PES membrane, whereas silica fouling was 
observed to be the governing fouling on the outmost surface of the PES membrane. 
Two anti–fouling pretreatments, i.e., pH adjustment and anti–scalant pre–treatment 
for the feed stream, were studied and found to be straightforward and effective. Using 
RO retentate at pH 7.2 as the feed and 1 M NaCl as the draw solution, the average 
power density was 7.3 W/m
2
 at 20 bar. The average power density increased to 12.6 
W/m
2
 by adjusting RO retentate with an initial pH value of 5.5 using HCl and to 13.4 
W/m
2
 by adding 1.1 mM ethylenediaminetetraacetic acid (EDTA). Moreover, flux 
recovery of the fouled membranes, without the indicated pretreatments, reached 84.9 % 
using deionized (DI) water flushing and 95.0 % using air bubbling at a crossflow 
velocity of 23.3 cm/s (Re = 2497) for 30 min. After pretreatment by pH adjustment, 
the flux recovery increased to 94.6 % by DI water flushing and 100.0 % by air 
bubbling. After pretreatment by adding 1.1 mM EDTA into RO retentate, flux was 
almost fully restored by physical cleaning by DI water flushing and air bubbling. 
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These results provide insight into developing an effective pretreatment by either pH 
adjustment or EDTA addition before PRO and physical cleaning methods by DI water 
flushing and air bubbling for membrane used in osmotic power generation.  
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Chapter 1. Introduction and Motivation 
Water scarcity and energy shortage are two major issues affecting the various 
countries worldwide. Water scarcity is one of the most challenging and imperative 
worldwide problems and it affects one third of world population. The current situation 
is expected to be further aggravated by rapid growth of population, urbanization and 
industrialization. By 2025, two thirds of the world’s population is expected to face 
water shortage. Of all approaches to alleviate water scarcity, membrane technologies 
provide promising solutions by means of water reuse and desalination [1]. Other than 
traditional membrane technologies, forward osmosis (FO) has recently drawn much 
attention due to several advantages [2] such as its unique transport mechanism, low 
pressure [3-5] and low fouling propensity [6-8]. However, fabrication of advanced FO 
membranes and design of suitable draw solutions still require in‒depth investigations 
in order to make FO‒based water production technologies economically viable and 
environmentally friendly [3, 9]. 
The latest spikes in the average price of US gasoline hit about $3.6 per gallon in Jun 
2014, which is more than double the price $1.6 per gallon in Dec 2008 (Figure 1.1). 
Both the high price and the high carbon dioxide (CO2) release of gasoline call for 
alternative renewable energy sources such as solar energy, wind power and 
hydropower. One type of osmotically driven processes, pressure retarded osmosis 
(PRO) processes, utilizes the hydropower to generate electricity. PRO processes 
retrieve the osmotic driving force from the seawater or the saline water to draw the 
fresh water across a semi‒permeable membrane based on the natural phenomenon of 
osmosis. The diluted seawater or saline then has a high hydraulic head (i.e., the 
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hydraulic head of seawater is 27 atm, which is equal to 270 meter of water column 
and is even higher for saline water), which can be potentially used to drive a water 
turbine to generate electricity. It is estimated amount of energy harvested ranged from 
1650 TWh to 2000 TWh worldwide [10, 11]. 
   
Figure 1.1 U.S. regular conventional gasoline prices. 
1.1 Osmotically Driven Membrane Processes 
Similarly to pressure driven membrane processes (i.e., ultrafiltration (UF), 
microfiltration (MF), nanofiltration (NF), and reverse osmosis (RO)), osmotically 
driven membrane processes (i.e., FO and PRO) also utilizes a semi‒permeable 
membrane. However, osmosis is a spontaneous process. As long as the chemical 
potential gradient on two sides of membranes exits, water molecules are driven across 
the membrane by the concentrated solution or the draw solution from the feed side to 
the draw side, spontaneously. The osmotic pressure difference is the driving force of 
water transport. In recent years, the number of publications on FO and PRO processes 

































1.1.1 Forward Osmosis Processes 
FO is the natural phenomenon of osmosis: water molecules are transported across a 
semi‒permeable membrane to the side with a high osmotic pressure [13-20]. The 
potential advantages of FO have recently been summarized [2],  such as the high 
rejection of FO membranes, reduced demand of input energy, simplified pre‒treatment 
processes, and reduced fouling propensity.  
Figure 1.2 illustrates the working principle of FO processes. According to the 
membrane orientation, there are two modes of operation, i.e., FO mode and PRO 
mode. In the FO mode, the feed solution is circulating on the selective layer side and 
the draw is circulating on the support layer side, respectively. The osmotic pressure of 
draw side (Figure 1.2a) is higher than that of the feed side. However, the external 
concentration polarization (ECP) and internal concentration polarization (ICP) 
reduces the effective driving force, i.e., osmotic pressure difference. The resultant net 
driving force is indicated in (Figure 1.2). 
 
Figure 1.2 FO mode and PRO mode in FO processes. 
In the PRO mode (Figure 1.2b), the positions of feed and draw solutions are switched. 
The feed solution is circulating on the support layer side and the draw is circulating 
Support layer
Selective layer









on the selective layer side, respectively. Due to the reduced ICP in the support layer, 
the effective driving force is much higher than in the FO mode. 
One of the major challenges impeding the development and application of membrane 
technology is the membrane fouling, which decreases the quantity and quality of the 
produced water and also shortens the lifespan of membrane. In the FO mode, fouling 
occurs predominately on the feed side (Figure 1.2a) where the membrane selective 
layer faces the feed solution. Thus, fouling can be limited and be easily removed. In 
contrast, in the PRO mode, fouling is much severe on the support layer because the 
porous support layer can easily trap foulants due to the lack of shear flow within the 
support layer (Figure 1.2b). Therefore, a fundamental understanding of fouling 
mechanisms will help us to find out effective methods for fouling control. 
1.1.2 Pressure Retarded Osmosis Processes 
The technology of pressure retarded osmosis (PRO) aims to convert the Gibbs free 
energy of mixing two solutions with different salinity to osmotic energy [3, 21-24]. 
This sustainable osmotic energy is available worldwide wherever water can flow from 
a low‒salinity stream to a high‒salinity one against a hydraulic pressure through a 
semi‒permeable membrane, such as river water into sea or wastewater into industrial 
brine. As shown in Figure 1.3, asymmetric membranes have been employed in most 
PRO studies [25-34] where the high‒salinity solution flows on the dense selective 




Figure 1.3 PRO mode in PRO processes. 
However, membrane fouling becomes one of the major challenges in PRO processes, 
especially on the porous layer facing the river water or wastewater [3, 35-41]. Within 
the porous structure, high permeate flow reduces the back diffusion of foulants, as a 
result, foulants can easily accumulate onto the porous membrane surfaces [42-44]. In 
addition, a high pressure is applied on the draw solution side of the membrane, which 
changes the osmotic gradient across the membrane, affects membrane microstructure 
and increases the reverse salt flux. As a consequence, the evolution mechanisms of 
fouling under typical no‒pressure FO processes and pressurized PRO processes may 
be distinctly different and worthy of study. 
1.2 Membrane Fouling 
1.2.1 Classifications 
From the viewpoint of fouling components, also called foulants, the fouling can be 
classified into four major categories: inorganic fouling (salt precipitations, such as 
carbonates and sulfates), organic fouling (organic matters in water or secreted by 







proteins), colloidal fouling (suspended solid particles, such as silica, aluminium 
silicate minerals, iron oxides/hydroxides), and biofouling (microorganisms, such as 
bacteria and fungi). 
Mechanisms of fouling on the membrane surfaces are essential for the study of 
fouling. It is the basic and starting point to study fouling and then develop 
anti‒fouling strategies. Although fouling in pressure driven processes has been well 
studied, fouling mechanisms remain unknown in the osmotically driven processes. 
Therefore, we aim to study various fouling mechanisms and antifouling strategies in 
the osmotically driven processes, including inorganic, organic and colloidal fouling. 
Biofouling is not within the scope of these studies. 
1.2.2 Inorganic Fouling 
For water reuse from industrial wastewaters, agricultural drainage water, and brackish 
ground water, inorganic fouling is one major challenge for water treatment process 
because these water sources contain abundant levels of calcium and barium cations 
which can easily form particles with sulfate and carbonate anions in the solution [45]. 
Moreover, in FO processes, mineral salts will be dragged towards the membrane 
surfaces and then accumulate in the concentration polarization layer of membranes. 
Within the concentration polarization layer, the concentration of dissolved substance 
increases until it reaches labile region. Then nucleation on the membrane surface will 
occur spontaneously. Therefore, even with a relative low concentration of ions in the 
bulk feed solution, fouling will still occur in membrane filtration process. 
Being the most common crystal phases of calcium sulfate and calcium carbonate, 
gypsum (CaSO4∙2H2O) and calcite (CaCO3) are two major potential scalants during 
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water reuse. Calcite scaling can be prohibited by lowering the pH level (e.g., pH = 5.6) 
of the solution, while gypsum is not as sensitive as calcite to the pH value. As a 
consequence, gypsum fouling is the major challenge during water purification for the 
above water sources [35, 46-49]. The most important scaling index is the 
supersaturation index (SI) of the mineral salts. SI is used to determine the stability of 
mineral ions in solutions, which is calculated using Eq. (1.1). 
sKIAPSI loglog                  (1.1) 
where IAP is the ion activity product, Ks is the equilibrium constant. If IAP = Ks or SI 
= 0 (‒0.2 < SI < 0.2), the solution is in the equilibrium state or saturated with mineral 
ions. If IAP > Ks or SI > 0, the solution is supersaturated with mineral ions and 
precipitation of minerals occurs spontaneously. If IAP < Ks or SI < 0, the solution is 
undersaturated with mineral ions so salt precipitants dissolve into the solution. Visual 
MINTEQ [50] is used for the calculation of SI, which is an online freeware chemical 
equilibrium model. With the help of SI, the potential mineral scales can be predicted. 
Scaling can be prohibited by lowering the concentrations or increasing the solubility 
of selected mineral salts. 
1.2.3 Colloidal Fouling 
Colloids are generally defined as fine particles with the size range of 1 ‒ 1000 nm 
[51]. Colloidal fouling in this study refers to the fouling by the rigid inorganic 
colloids. The common inorganic colloids include silica, aluminium silicate, and iron 
oxides/hydroxides [52-54]. Silicon dioxide, i.e., silica, is the most abundant in nature. 




1. Dissolved silica: reactive silica which reacts with ammonium molybdate within 2 
min after the solutions are mixed; 
2. Polymerized silica: silica reacts slowly with ammonium molybdate and contains 
two or more atoms of silicon per molecule; 
3. Colloidal silica: unreactive silica; 
4. Suspended silica (or particulate silica): sands. 
If the silica concentration exceeds the solubility limit, dissolved silica precipitates out 
of the solution in the form of (1) the crystalline silica (solubility about 6 mg/L at 
25 °C) or (2) the amorphous silica (solubility about 120 mg/L at 25 °C) [55-60]. Once 
precipitated, the silica is difficult to be cleaned. Therefore, it is vital to maintain the 
silica concentration below the solubility limits. 
1.2.4 Organic Fouling 
Organic fouling is caused by organic macromolecules found in surface water 
treatment, wastewater reclamation, and oily wastewater [8, 38, 61, 62]. Organic 
macromolecules can be classified into: (1) rigid biopolymers such as large molecular 
weight polysaccharides; (2) fulvic compounds such as fulvic acid and humic acid; (3) 
flexible biopolymers such as proteins and organic molecules (molecular weight < 
1000). For wastewater treatment through the membrane bioreactor (MBR) technique, 
organic fouling is the major issue because it is the precursor of biofouling which is the 
dominant type of fouling in MBR [63-66]. Organic contents are secreted by 
microorganisms in MBR, which can adhere onto the membrane surfaces readily. 
These organic contents will then form extra‒cellular polymeric substances and 
microbial cells matrix, fundamental structure of biofilms. Then biofilms will be 
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formed and cause severe flux decline in MBR. Therefore the elimination of organic 
fouling is fundamental to solve biofouling issues in MBR. 
1.3 Research Scope and Thesis Contributions 
This work focused on inorganic fouling, organic fouling and colloidal fouling on the 
membranes. My study aimed to gain a fundamental understanding of fouling 
mechanisms in osmotically driven processes, including the effects of feed solutions, 
membrane properties and processing variables. Based on the findings of fouling 
mechanisms, I developed antifouling strategies. The major challenges in fouling study 
were from two aspects: (1) the feed conditions kept changing, and (2) various 
molecular interactions existed between foulants and membrane surface, and/or 
foulants and foulants. This thesis made four major contributions. 
1. In FO processes, gypsum scaling phenomena was studied on membranes with 
different physicochemical properties. I found that surface ionic interactions 
dominate gypsum scaling on the membrane surfaces. Thus positively charged 
membrane surfaces could effectively reduce gypsum fouling, whereas negatively 
charged membrane surfaces enhanced gypsum scaling. 
2. In PRO process, combined gypsum and alginate fouling behavior of PRO hollow 
fiber membranes was studied under low, moderate and high hydraulic pressures. 
Gypsum scaling could be inhibited by the reverse sodium ions. In contrast, the 
reverse sodium ions in the alginate fouling layer induced a significant sodium 
concentration polarization layer. Therefore, the removal of alginate type foulants 
and the reduction of reverse salt flux may become essential for the success of 
PRO processes under high pressures. 
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3. In addition, the individual effects of reverse salt flux and permeate flux on 
fouling behaviors were studied under FO and PRO processes. It was found that 
reverse salt flux inhibited gypsum scaling but enhanced alginate fouling. In 
contrast, the permeate drag induced by a higher permeate flux always led to a 
faster rate of fouling. Therefore, operations of membranes should be conducted 
below membranes’ critical flux. 
4. Last but not least, I studied membrane fouling caused by RO retentate from a 
municipal water cycling plant in Singapore. Scaling by phosphate salts was found 
to be the one possible inorganic fouling on the innermost layer of the membrane, 
whereas silica fouling was observed to be the governing fouling on the outmost 
surfaces of the membrane. In PRO processes, using RO retentate at pH 7.2 as the 
feed and 1 M NaCl as the draw solution, the average power density was 7.3 W/m
2
 
at 20 bar. The average power density increased to 12.6 W/m
2
 by adjusting RO 
retentate to an initial pH value of 5.5, and to 13.4 W/m
2
 by adding 1.1 mM 
ethylenediaminetetraacetic acid (EDTA), respectively. Moreover, flux recovery 
of the membranes fouled by RO retentate, without the indicated pretreatments, 
reached 84.9 % using deionized (DI) water flushing and 95.0 % using air 
bubbling at a crossflow velocity of 23.3 cm/s (Re = 2497) for 30 min. 
1.4 Thesis Organization 
The thesis is structured into seven chapters. Chapter one provides an overview of 
osmotically driven membrane processes (i.e., FO and PRO processes) and membrane 
fouling (i.e., inorganic, colloidal and organic fouling). Chapter two introduces 
working principles of FO and PRO processes, various fouling factors and fouling 
control strategies. Chapter three presents how the membrane physicochemical 
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properties affect the gypsum scaling in FO processes. Chapter four studies the 
combined gypsum scaling and alginate fouling in PRO processes. Chapter five 
investigates the effects of reverse salt flux and the permeate flux in both FO and PRO 
processes. Chapter six provides effective strategies to limit the real fouling problems 
of complex feed solutions in PRO processes. Chapter seven concludes the previous 
studies and shows the future work.  
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Chapter 2. Theory and Literature Review 
2.1 Mass Transport in FO and PRO Processes 
Asymmetric hollow fiber membranes can be classified into two types, i.e., outer 
selective or inner selective. The mass transport mechanisms are illustrated by using 
the outer layer of membranes as the selective layer. In FO processes, the lab scale 
experimental set‒up is shown in Figure 2.1. Hollow fiber membranes are assembled 
as modules within the perfluoroalkoxy (PFA) tubes. The two tubing ends are sealed 
by an epoxy resin to form a tubesheet. Masterflex pumps (Cole‒Parmer) are used to 
convey feed flows through both the lumen and shell sides. FO tests are performed 
under the counter–current mode which is used to maintain a concentration gradient 
along fibers and thus leads to an efficient process. In the FO mode, the draw solution 
is placed on a digital balance (AND EK‒4100i) where any weight change is 
monitored and recorded with the help of the computer software. 
 




















In the PRO mode, the positions feed solution and draw solution are switched whereas 
the others remain the same. 
In PRO processes (Figure 2.2), only one Masterflex pump is utilized to circulate the 
feed flow through the lumen side because a hydra‒cell pump (Wanner Engineering, 
Inc.) is employed to circulate the draw solution in the shell side under various 
pressures. The pressure of draw solution is adjusted by a back pressure regulator 
(Swagelok). The feed solution is placed on a digital balance. 
 
Figure 2.2 Schematic drawing of lab scale set‒up under PRO processes. 
Due to the osmotic pressure difference across the membrane, water molecules are 
transported from feed to draw side. The permeate flux is calculated using Eq. (2.1). 
  AJw                   (2.1) 
where Jw is the permeate flux of membranes in L/(m
2∙h), σ is the reflection coefficient 
of membranes and equals to one for ideal membranes, A is the water permeability of 
membranes in L/(m
2∙bar∙h), Δπ is the effective osmotic pressure difference across the 
























Pure water permeability or A is measured using the FO set‒up as shown in Figure 2.1. 
Deionized (DI) water is circulated on the selective layer of the membrane. The 
permeate is collected from the support side and analyzed using Eq. (2.2). The 






                   (2.2) 
where A is the water permeability of the membranes in L/(m
2∙bar∙h), Q is the flux in 
L/h, ΔP is the transmembrane pressure in bar, As is the membrane surface area in m
2
. 
The permeate flux of membrane can also be measured from the FO or PRO tests, and 










                 (2.3) 
where Jw is the permeate flux of membrane in L/(m
2∙h), Δm is the weight change in g, 
ρwater is the density of water in g/L, As is the effective membrane surface area in m
2
, Δt 
is the time interval in h. 
The average flux is calculated using the total weight change and total test duration. 









                   (2.4) 
where Jave is the average flux in L/(m
2∙h), ΔVt is the total permeate volume in L, As is 
the effective area of the membrane surfaces in m
2
, and Δt is the testing duration in h.  
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An ideal semi‒permeable membrane only allows water passage but rejects all other 
solutes. However, a real membrane cannot completely reject solutes of smaller 
molecular weights such as NaCl. The reverse salt flux can be calculated from Eq. 
(2.5). 
 sFsDs CCBJ ,,                  (2.5) 
where Js is the reverse salt flux in g/(m
2∙h), B is the salt permeability in L/(m2∙h), CD,s 
and CF,s are the salt concentration, in g/L, on the membrane surfaces facing the draw 
and feed sides, respectively. 










               (2.6) 
where B is the salt permeability in L/(m
2∙h), Rs is the rejection of salt in %, ΔP is the 
transmembrane pressure in bar, Δπ is the effective osmotic pressure difference across 
the membrane in bar, and A is the water permeability of membrane in L/(m
2∙bar∙h). 
Assuming the osmotic pressure of solutions follows the van’t Hoff Equation, Δπ is 
calculated by Eq. (2.7). 





p are the molarity of salts in the feed and the permeate in mol/L, 
respectively, R is gas constant in 0.0831 L∙bar/(K∙mol), T is testing temperature in K. 
The Rs is also measured using the FO set‒up as shown in Figure 2.1. Salt solutions, 
such as MgCl2 and NaCl, are then circulated on the selective layer of membranes 
while the permeate is collected from the support layer of the membranes. Rs is 


















R                (2.8) 
where Rs is the rejection of salt in %, Cf and Cp in g/L are salt concentrations in the 
feed and the permeate, respectively. 
The concentration is calculated from the linear relationship between salt concentration 
and conductivity. For instance,  
NaClNaCl Cy 7.1934                 (2.9) 
22
9.2503 MgClMgCl Cy                (2.10) 
where y is the conductivity of salt in μS/cm, C is the concentration of salt in g/L. The 
conductivity of salt solutions in the feed and the collected permeate are determined 
using a calibrated conductivity meter (Lab 960, Schott). 
2.2 Fouling Factors and Fouling Mechanisms 
In general, fouling can be affected by three factors: (1) feed properties, (2) membrane 
properties, and (3) processing variables. Membrane fouling mechanisms are 
determined by both membrane‒foulant interactions and foulant‒foulant interactions 
[67]. 
The membrane‒foulant interactions relate to the physicochemical properties of 
membrane surfaces (such as hydrophobicity, surface roughness and electrostatic 
charge) and foulants (such as size, charge, functional groups, and conformation). In 
contrast, the foulant‒foulant interactions are mainly affected by foulant properties and 
the feed properties (such as solution pH, ionic strength, and ionic composition). 
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Due to membrane‒foulant interactions, selection of membrane materials can be vital 
to inhibit the occurrence of fouling comparing to the improvements on the 
pretreatment process, the module design and the operation process [68, 69]. However, 
such selection of membrane materials should also consider the properties of foulants. 
For instance, if the foulants are charged, opposite charged surfaces can repel the 
adhesion of particles by electrostatic force. 
In contrast, due to foulant‒foulant interactions, the stable flux of membranes could be 
achieved regardless the membrane materials [70, 71]. Thus, the manipulation of feed 
properties and processing variables can also change fouling propensity and cleaning 
efficiency. For instance, divalent calcium ions can bridge the carboxylic groups of the 
alginate. The presence of calcium can significantly enhance the fouling, and the 
fouling layer is difficult to be removed by physical cleaning. 
 




(a) Pressure driven processes
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The fouling mechanisms of osmotically driven processes and pressure driven 
processes have been demonstrated in Figure 2.3. In the pressure driven processes 
(Figure 2.3a), the pressure on the selective layer will drive the transport of water. The 
foulants in the feed water are driven onto the membrane surfaces. In FO processes 
(Figure 2.3b), the fresh water is drawn into the draw side. If the foulants are in the 
feed solution, the fouling layer forms on the selective layer of membranes. The draw 
solution can diffuse through the support layer of membranes and then affect the 
formation of fouling. Osmosis at this step alleviates the energy consumption 
comparing to the pressure driven processes since osmosis is a spontaneous process. 
The only energy consumption step is the recovery of draw solutions, which is to 
extract the fresh water out of draw solutions and to reuse draw solutions. Therefore, 
selection of draw solution is essential for FO processes. NaCl is the common draw 
solution in FO processes because NaCl is the major component in the desalination 
processes and is relatively cheap. Other solutes can also be used [72-74]. Without the 
recovery of draw solution, FO can still be applied in other areas, such as drug delivery, 
fertilization [75, 76]. In the PRO processes (Figure 2.3c), the feed (such as river water 
or RO retentate) runs in the support layer while the osmotic driving force (such as 
seawater or saline water) tends to draw the fresh water across a semi‒permeable 
membrane. The pressure that develops on the selective layer side can be used to drive 
the turbine. Foulants exist in both river water and seawater, but the fouling on the 




2.2.1 Feed Properties 
The feed properties refer to the compositions of feed, types and concentrations of 
foulants, the solution pH, ionic strength, component interactions, etc. 
Feed Concentration. The rate of fouling increases with foulant concentration. For 
instance, Le Gouellec et al. [77] found that higher concentration of calcium ions 
contributed to shorter initiation time of gypsum scaling. Shorter initiation time meant 
that gypsum scaling would occur earlier. Thelin et al. [39] observed that the rate of 
flux decline increases with an increasing NOM concentration on the time scale but is 
independent of the NOM concentration on the scale of accumulated NOM load. 
The ionic strength and pH value. The interaction energy between foulants and 
membrane surfaces in a liquid can be calculated by combining two major energies: 
the van der Waals interaction energy and the electrical double layer interaction energy 
[50]. The other interactions, such as the Coulomb force and the dipolar force, are not 
included in the Eq. (2.11) to (2.13). 
RAt WWW                  (2.11) 
where Wt is the total interaction energy in kg∙m/s
2
, WA is the energy due to van der 
Waals force in kg∙m/s2, and WR is the energy due to the electrical double layer force 
in kg∙m/s2. 
The van der Waals energy between a spherical particle and an infinite planar surface 


































          (2.12) 
where WA is the energy due to van der Waals force in kg∙m/s
2
, AH is the Hamaker 
constant in kg∙m/s2, r is the particle radius in m, Ds is the separation distance in m. 
The electrical double layer energy can be calculated by Eq. (2.13) assuming a 
constant surface potential boundary condition. 
 
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ln2 220   (2.13) 
Where WR is the electrical double layer energy in kg∙m/s
2
, ε0 is the permittivity of 
vacuum in A
2∙s4/(kg∙m3), εr is the relative permittivity of water, r is the particle radius 
in m, ζp and ζm are the zeta potentials of particles and membrane surfaces in V, 
respectively, λD is the Debye length in m and is inversely proportional to the square 
root of solution ionic strength. λD is about 10, 3 and 1 nm for ionic strength of 1, 10 
and 100 mM, respectively. 




ii zcI                  (2.14) 
where I is the ionic strength of solutions in mol/L, ci is the molar concentration of ion 
i in mol/L, and zi is the charge number of that ion. 
When the ionic strength of solution increases, the Debye length decreases. This means 
that the electrical double layer is thinner and its repulsive force decays more rapidly. 
As a result, the foulant‒membrane non‒bonding interactions become more important 
in determining the extant of fouling. 
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The pH values of solution determine the zeta potential of particles and membrane 
surfaces. When the pH value is below the isoelectric point, the charge is positive. 
When the pH value is above the isoelectric point, the charge is negative. If a particle 
and a surface have the same charge, the electrical double layer force is a repulsive 
force. Therefore, less fouling can be expected. However, if the particle and the surface 
have the opposite charge, the attractive force leads to an enhanced fouling.  
In addition, the acid‒base interactions (i.e., a combination of the Coulomb force and 
the dipolar force) can also affect the interaction between foulants and surfaces. 
Attractive force exists between hydrophobic foulants and hydrophobic surfaces, while 
repulsive force exists between hydrophilic foulants and hydrophilic surfaces. These 
forces come from interactions between electron‒acceptor and electron‒donor. In 
solutions with high ionic strength such as seawater or brine, the electrical double layer 
interaction is decreased. 
Component interactions. In general, the existence of foreign particles may lower the 
activation energy of hetero‒crystallization. Thus, foreign particles may shorten the 
initiation time of crystallization and affect the subsequent growth of crystals. 
However, some foreign particles may also elongate initiation time and slow down the 
rate of crystallization. For example, the gypsum scaling can be alleviated by the 
addition of silica, carbonate ions, magnesium ions, or alginate [36, 78-80]. 
Divalent ions (e.g., calcium and magnesium) have interactions with foulants such as 
silica, alginate and humic acid. Calcium and magnesium ions accelerate the rate of 
silica fouling, which may be partly due to the compression of the electrical double 
layer thickness [50]. Trivalent metal ions have more significant effects on silica 
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 leads to amorphous or gelatinous form of silica 
fouling. Due to the different cationic charge density present on metal salts hydroxides 
(i.e., Al(OH)3 > Fe(OH)3), Al
3+
 leads to a faster silica fouling than Fe
3+
. 
Calcium ions can also augment fouling by alginate and humic acid, because the 
carboxylic functional groups of these foulants have a strong affinity towards calcium 
ions [81, 82]. The resultant fouling layer is bridged by calcium ions, which is difficult 









2.2.2 Membrane Properties 
The asymmetric membranes consist of a dense selective layer and a porous support 
layer, and both layers can be exposed to foulants. The orientation of asymmetric 
membranes had significant impact on fouling tendency [7, 84-88]. Membranes 
oriented in the FO mode (the dense layer facing the feed solution) have much lower 
fouling propensity than those in the PRO mode (the dense layer facing the draw 
solution). 
For non‒porous membranes, membrane properties can affect fouling through 
hydrophilicity, roughness and surface charge. The hydrophilicity means that 
hydrophilic surfaces are less attractive to hydrophilic particles, while hydrophobic 
surfaces attract hydrophobic particles more strongly. In addition, the roughness or 
surface morphology affects the hydrodynamics on the surfaces. Moreover, the surface 
charge of a membrane surface determines the electrical double layer force. Moreover, 
the special foulant‒membrane interactions can change fouling mechanisms. For 
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instance, the surfaces with –OH groups can react and condense with monomeric 
silicic acid Si(OH)4. 
For a porous membrane or membrane support, the pore size, porosity and pore size 
distribution also affect fouling. Three common fouling resistance models are pore 
blocking model, pore restriction model, and cake layer model [89-91]. 
The mean pore size μp and molecular weight cut‒off (MWCO) of membranes are 
calculated from three steps: 
1. Solutions of four solutes (200 mg/L) with different molecular weight are 
circulated on the shell side of membrane modules, respectively. The filtration 
experiments are conducted at a transmembrane pressure of 1 bar and room 
temperature. A correlation of solute rejections against the Stokes radius of used 
solutes is obtained through Eq. (2.15). 
sp rbarR ln)(                (2.15) 
where R is the solute rejections in %, rs is the Stokes radius of solutes in nm, and 
a and b are the linear coefficients. 



























        (2.16) 
where R(rp) is the rejection of solutes, rp is the pore radius, μp is the radius with 
50 % rejection of solutes, σp is the deviation ratio of r84/μp with r84 as the radius 
with 84.13 % rejection of solutes. The mean pore size of membranes is μp. 
3. A linear correlation between pore radius of solutes and molecular weight of 
solutes is obtained from Eq. (2.17) 
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MWbars log''log               (2.17) 
where MW is the molecular weight of solutes in dalton, and a’ and b’ are the 
linear coefficients. Molecular weight cut‒off (MWCO) of membranes is 
calculated from rs, which is the radius with 90 % rejection of solutes. 
Membrane properties determine the interactions between the membrane surfaces and 
foulants and thus the initial stage of fouling. If such interaction is strong, it means that 
the fouling layer can be easily formed and difficult to be washed away. The adhesion 
force can be measured by atomic force microscopy (AFM) [92]. 
2.2.3 Processing Variables 
Processing variables can also affect the fouling, e.g., temperature, transmembrane 
pressure or permeate flux, and hydraulic conditions such as the crossflow rate or fluid 
dynamics. 
Temperature. As the temperature increases, the solubility increases for silica and 
most mineral salts. Thus, the fouling can be reduced at an increased temperature. 
However, a high temperature can also enhance membrane performance, i.e., permeate 
flux, and can accelerate the mass transfer rate. Thus a high temperature might induce 
severe fouling. Zhao et al. [93] showed that a high temperature would increase the 
rate of scaling on the membrane because the mass transfer rate was enhanced by a 
high temperature so that the growth rate of crystals was faster. 
Transmembrane pressure. A high transmembrane pressure or a high osmotic 
pressure leads to a high permeate flux. As a result, the fouling is greater attributing to 
two reasons: (1) stronger permeate drag force towards the surfaces; and (2) greater 
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concentration polarization. In addition, if the flux is plotted on the time scale, the 
observed flux decline is faster. Because the permeate volume is higher, the dilution 
effect is stronger. 
Hydrodynamic conditions. The shear force is induced by the crossflow velocity. A 
higher crossflow velocity leads to a stronger shear force. The shear force enhances the 
mass transfer of solutes, so that the concentration polarization on the surfaces is 
reduced [94-96]. 
2.3 Fouling Control 
2.3.1 Pretreatments 
The pretreatment should reduce the feed concentration of foulants by several options: 
precipitation, coagulation, ion exchange, adsorption, oxidation, biological treatment, 
and MF and UF filtration before FO and PRO processes [68, 97-102]. For example, in 
order to avoid scaling, the system should be operated at low supersaturation, i.e., low 
recovery or low cycles of concentration. Moreover, the pH value of feed can be 
reduced by acid feed (e.g., pH 5.6 for calcium carbonate, and < pH 8.3 to avoid 
metal‒silicate precipitation). Scale inhibitors can also be used in the system, such as 
non‒polymeric antiscalants (e.g., phosphonates and polyphosphates), polymeric 
antiscalants (e.g., acrylic acid, maleic acid‒based homopolymers, and copolymers). 




2.3.2 Cleaning Methods 
Cleaning methods could be categorized into four types [68, 103-107], i.e., physical 
cleaning, chemical cleaning, physico‒chemical cleaning, and biological cleaning. 
Physical cleaning. This method uses mechanical force to dislodge and remove 
foulants from membrane surfaces: 
(1) Water flushing, i.e., applying the DI water or tap water on the fouled side; 
(2) Periodical backflushing, i.e., applying a pressure on the draw side or an osmotic 
pressure on the permeate side to make the permeate flow back through membranes; 
(3) Vibration, i.e., using a pneumatic hammer device to impart mechanical energy to 
the membranes; 
(4) Sponge ball, i.e., using a sponge ball to scrub the membranes automatically; 
(5) Air sparge, i.e., injecting periodic bursts of air ahead of the membranes. This 
method is suitable for hollow fiber membranes; 
(6) Ultrasonication, i.e., applying ultrasonic during the membrane cleaning. 
Chemical cleaning. The cleaning agents should restore the permeate flux and 
separation characteristics of membrane. Effective chemical cleaning agents should 
loosen or dissolve the fouling layer, keep the foulant in dispersion, avoid new fouling, 
and not degrade the membranes or other parts of the system. Moreover, the cleaning 
agents should also consider the ease to be rinsed away, chemical stability, cost, and 
safety. The commonly used chemical agents are listed: 
(1) Alkali: such as sodium hydroxides, carbonates, and phosphates; 
(2) Acid: such as nitric and phosphoric; 
(3) Oxidants: such as sodium hypochlorite and ozone; 
(4) Surfactants or detergents: such as anionic, cationic, and nonionic agents; 
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(5) Sequestering agents: such as ethylenediaminetetraacetic acid (EDTA), citric acid, 
and other formulated chelating agents; 
(6) Integrated agents: i.e., a mixture of alkalis, sequestering agents and wetting agents. 
Physico‒chemical cleaning methods. Physical cleaning with the addition of 
chemical agents is used to enhance the cleaning efficiencies. 
Biological cleaning. Cleaning mixtures contain bioactive agents, such as 
microorganisms and enzymes. Biological cleaning agents are environmental friendly 
but specific to the foulants. 
2.3.3 Membrane Modifications 
Anti‒organic fouling methods are mainly achieved by modifying the membrane itself, 
such as fabrication of new membrane materials with superhydrophilicity or 
superhydrophobicity, manufacture of copolymers, production of mixed matrix 
membranes by blending with particles, and other physical and chemical surface 
modification methods like grafting polymer chains or making a patterned roughness 
on membrane surface [108-111]. 
Some proposed that smoother surfaces exhibited lower fouling propensity. Both 
3,3’5,5’‒Biphenyl tetraacyl chloride (BTEC) [112-114] and 
5‒Isocyanato‒isophthaloyl chloride (ICIC) [115-117] membrane exhibited smoother 
surfaces but similar hydrophilicity compared to trimesoyl chloride (TMC). Reduced 
fouling suggested that smooth surfaces could have better fouling resistance. Moreover, 
the post‒treatment of membranes by the surface adsorption could also give the similar 
antifouling effects, such as T‒X series and P series polyethylene‒oxide surfactants 
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[118]. The roughness of polyamide membrane after treatment was reduced and the 
antifouling property was improved. 
Some found that hydrophilicity of the surfaces affected the adhering ability of 
foulants. Therefore, some suggested making the surfaces more hydrophilic to alleviate 
organic fouling. For example, the addition of hydrophilic compound during the 
membrane fabrication process, such as 4,4’‒Methylene bis(phenyl isocyanate) (MDI) 
[119], Polyethylene glycol (PEG) [120], Polyvinyl alcohol (PVA) [1], Poly (ethylene 
oxide) (PEO) [121, 122]. 
Surface charge also had influence on the foulant adhesion. Polyelectrolytes such as 
polyethylenelimine (PEI), a positively charged compound, were studied. It is shown 
that PEI [123] could increase the fouling resistance to cationic foulants due to the 
electrostatic repulsion and increased surface hydrophilicity. Other than that, the 
neutral charged surface was also studied. For instance, negatively charged sulfonated 
poly(ether ether ketone) (SPEEK) [124] onto the surface of a positively charged 
nanofiltration membrane gave a nearly neutrally charged membrane surface also 
enhanced fouling resistance. Zwitterionic polymer contained both the negative charge 
and the positive charge on single polymer chain [125-129], such as 
poly(carboxybetaine) (pCB) and poly(sulfobetaine) (pSB), positively charged 
[2-(methacryloyloxy)ethyl]trimethylammonium chloride (TM) and negatively 
charged 3-sulfopropyl methacrylate potassium salt (SA) [130, 131]. 
Furthermore, chemical treatments, such as hydrophilization treatment, radical grafting, 
chemical coupling, plasma polymerization or plasma‒induced polymerization, 
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initiated chemical vapor deposition, also could enhance the fouling resistance by 
improving smoothness, hydrophilicity, and surface charge density. 
Grafting of polymer chains on or from the membrane was also proposed. Some 
examined the interactions between the polysaccharide and the surface. They found 
that the adhesion force did not contribute much to the fast rate of fouling. Rather, the 
extension of polymer chain was the main reason of severe fouling on the membrane 
because after depositing on the surface, foulants tended to re‒adhere onto the 
membrane and the elongation of chain caused difficulty to remove the foulants. 
Therefore, some proposed grafting polymer chains on or from the surface which 
induced steric force to repel adhesion of foulants [132-135]. 
However, the above mentioned modifications have serious technical problems. 
Coated materials may penetrate into the membrane structure and increase the 
permeation resistance [67], resulting in the decline of water flux after modification. 
Modifiers in physical modification are only connected with membrane surfaces by 
van der Waals attractions, hydrogen bonding or electrostatic interactions, so the 
antifouling property of modified membranes may be gradually deteriorated due to the 
loss or leaching of the coating layer during the long‒term operation. Chemical surface 
modification is good for long‒term operation compared to physical surface 
modification, but it requires special equipments, reagents or complicated operation 
processes, limiting its practical application. Because only homogeneous coating and 
grafting on the surfaces can perform antifouling properties, if the polymer dewets on 
the surfaces or does not uniformly coat the surfaces, fouling will occur on the surfaces. 
If membrane is overcoated, the membrane permeability will decrease dramatically. 
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More efforts need to be done to reveal the appropriate dose of coating material and 
develop suitable methods of homogeneous coating.  
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Chapter 3. Membrane Fouling in Forward Osmosis Processes 
3.1 Motivation 
Industrial wastewater, agricultural drainage water and brackish ground water contain 
high levels of calcium, sulfate, and carbonate ions [45, 136, 137]. Reuse of wastewater 
from the above sources by means of membrane processes encounters serious scaling 
issues, because these ions may reach supersaturation states and result in salt 
precipitation on membrane surfaces as foulants. Being the most common crystal phases 
of calcium sulfate and calcium carbonate, gypsum (CaSO4∙2H2O) and calcite (CaCO3) 
are two major potential scalants during water reuse. Calcite scaling can be prohibited 
by lowering the pH level (e.g., pH = 5.6) of the solution, while gypsum is not as 
sensitive as calcite to the pH value. As a consequence, gypsum fouling is the major 
challenge during water purification for the above water sources [47, 48]. 
Forward osmosis (FO) has recently drawn much attention due to several advantages [2] 
such as its unique transport mechanism, low pressure [3-5] and low fouling propensity 
[6-8]. However, fabrication of advanced FO membranes and design of suitable draw 
solutions still require in‒depth investigations in order to make FO‒based water 
production technologies economically viable and environmentally friendly [3, 9]. 
Significant progress on FO membrane materials has been made in recent years, and a 
few reviews have summarized this [3, 5, 9]. Polybenzimidazole (PBI) received our 
attention, because it has superior hydrophilicity, chemical stability and thermal stability 
[138]. It can be used in harsh feed conditions without degradation. In addition, it has 
unique self‒charged characteristics with an isoelectric point at about seven [139]. Thus, 
the PBI membrane provides a perfect material to investigate the relationship between 
the membrane surface charge and the gypsum scaling. Several PBI‒based FO 
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membranes have been developed [140-142], and some showed low fouling propensity 
[143]. Among them, hollow fiber membranes with a dual‒layer configuration had the 
highest water flux [142, 144]. We therefore chose PBI hollow fiber membranes with a 
dual‒layer configuration for this study, i.e., PBI/polyethersulfone (PES) [142] and 
PBI/polyacrylonitrile (PAN) with polyhedral oligomeric silsesquioxane (POSS) 
nanoparticles in the PBI selective layer [144]. 
It is believed that this fundamental study would provide valuable insights on the 
gypsum fouling in forward osmosis processes due to different membrane materials, 
surface charges, and surface morphologies. 
3.2 Materials and Methods 
3.2.1 Membrane Materials and Module Fabrications 
Three different membranes, i.e., cellulose acetate (CA), polybenzimidazole 
(PBI)/polyethersulfone (PES) and PBI/polyacrylonitrile (PAN) with polyhedral 
oligomeric silsesquioxane (POSS) nanoparticles in the PBI selective layer, were used 
in FO tests. These membranes were fabricated using the same methods reported by Su 
et al. [145], Yang et al. [142], and Fu et al. [144], respectively. The POSS nanoparticles 
(AL0136) were supplied by Hybrid Plastics Inc., USA. The pore size distribution of 
the POSS showed two peaks at 1.6 nm and 7.7 nm [146]. The as spun PBI‒POSS/PAN 
membrane was annealed in a hot water bath at 95 C for 3 min. All fibers were soaked 
in 50 wt% glycerol aqueous solutions for at least 2 days and air‒dried at the room 
temperature before making the membrane modules. 
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Five pieces of hollow fibers with a length of 14 cm were bundled into a perfluoroalkoxy 
(PFA, Swagelok) tubing with an outer diameter of 0.95 cm and an inner diameter of 
0.64 cm. The two tubing ends were sealed by an epoxy resin (Taiwan Kuo Sen EP231) 
to assemble the membrane module for fouling studies. For in‒situ observation, a 
special module consisting of only two pieces of hollow fibers as shown in Figure 3.1 
was designed for scaling experiments. The middle part of the PFA tubing was replaced 
by a piece of transparent glass tubing for easy and clear in‒situ observation. 
 
Figure 3.1 A schematic diagram of membrane modules for in‒situ observation. 
3.2.2 Membrane Characterizations 
Pure water permeability (A) and salt rejection (Rs) were measured through a FO system 
(Figure 2.1) by circulating DI water and a 1000 mg/L MgCl2 solution at the shell side of 
membrane modules, respectively. All nanofiltration experiments were conducted at a 
transmembrane pressure of 1 bar and room temperature of 24
o
C ± 2 
o
C. The permeate 
was collected from the lumen side, and analyzed and used for the calculations. The 
concentrations of MgCl2 in the feed and permeate were determined using a calibrated 







AFM (Agilent 5500 AFM) was employed to study the gypsum‒membrane interactions 
and the surface roughness of each hollow fiber membrane and gypsum‒membrane 
interactions [147]. Functionalized AFM probes were prepared by adhering a single 
particle of gypsum onto the tipless SiN AFM cantilever using an epoxy resin using 
similar procedures as described by Mi and Elimelech [49]. The force measurement was 
performed in a fluid cell of the AFM. Each test used a new fiber adhered on the silicon 
wafer by a double‒sided tape. For each sample, the force between the functionalized 
probe and the hollow fiber was firstly measured in a saturated CaSO4 solution. Then, 
the test solution was adjusted to either an acidic or basic condition by adding a few 
drops of 1 M HCl or 1 M NaOH. The atomic interfacial forces between different 
membrane surfaces and the foulants were determined. Ten measurements of the 
retracting force at ten different locations were taken and averaged. 
In addition to measure the flux decline through online experiments, the distribution and 
surface coverage of gypsum particles on membrane surfaces were examined using 
Field Emission Scanning Electron Microscopy (FESEM, JOEL JSM‒6700). All 
membrane samples were freeze‒dried overnight using a freeze‒dryer at ‒50 ºC, and 
then fractured cryogenically in liquid nitrogen. Specimens were mounted on specimen 
stubs by carbon double‒sided adhesive tapes and then coated with platinum using a 
JOEL JFC‒1300 ion sputtering device. A Scanning Electron Microscope 
(JSM‒5600LV, JEOL) in combination with Energy Dispersive X‒ray spectroscopy 
(INCA x‒act, Oxford Instruments) (SEM/EDX) was used to examine the surface 
morphology of membranes and compositions of the fouling layer. The SEM 
measurements were carried out at 15 kV. The EDX uses an accelerating voltage of 5‒20 
keV. The electron beam penetration at the acceleration of 20 keV was 2.98 µm. The x 
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axis of the EDX spectra was the energy of the X‒ray in keV, and the y‒axis was the 
intensity of the X‒ray signal (counts). 
The zeta potential of PBI was studied by a SurPASS electrokinetic analyzer (Anton 
Paar GmbH, Austria). PBI flat sheet membranes were prepared by casting the same 
polymer solution as for the preparation of hollow fiber membranes on a glass plate 
using a 100 μm gap blade. The membranes were immersed immediately into water. The 
zeta potential measurements followed the procedures reported by Sun et al. [148]. A 
0.01 M NaCl solution was circulated across the PBI surface in the measuring cell of the 
analyzer at a maximum pressure of 500 mbar. The conductivity and pH value of 
electrolyte solutions were recorded to calculate the apparent zeta potential using the 
classic Helmholtz‒Schmoluchowski equation [148]. Manual titrations by 0.1 M HCl 
and 0.1 M NaOH were then conducted to unravel the pH effects on the zeta potential 
and to determine the isoelectric point. 
Contact angle θ was examined using a KSV Sigma 701 tensiometer (±0.01o, KSV 
Instruments Ltd.). The hollow fiber membranes were dipped into DI water (advancing 
contact angle) and then withdrawn (receding contact angle). The interfacial force was 
measured using a micro‒balance and used to calculate the advancing and receding 
contact angles. Through the force tensiometry method, the dynamic contact angle was 
then determined. Three measurements of each type of membranes were conducted, and 
the average value was reported. 
3.2.3 Forward Osmosis Tests 
FO tests were conducted through a bench‒scale FO system described in Figure 2.1. The 
DI water or scaling solution was circulated in the shell side contacting the PBI layer 
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(i.e., the selective layer), while the draw solution MgCl2 was in the lumen side facing 
the porous support layer. The weight change of the draw solution was monitored during 
the experiment using a balance (AND EK‒4100i). All experiments were conducted at 
the room temperature. 
Baseline experiments were carried out by circulating a fresh 2 L feed solution 
consisting of 70 mM MgCl2, 40 mM Na2SO4, and 38 mM NaCl and a fresh 2 L draw 
solution comprising 2 M MgCl2 in the shell and lumen sides, respectively. A 
cross‒flow velocity of 23 cm/s (Re = 2992) was applied in the shell side, while a 
velocity of 51 cm/s (Re = 823) was maintained in the lumen side to prevent pressure 
buildup. The CA and PBI surfaces were examined due to their distinct charge 
properties in acidic and basic solutions. The purpose of replacing CaCl2 with MgCl2 in 
the feed solution was to prevent gypsum scaling but keep the same ionic strength. Since 
the baseline experiments were conducted at pH 3 and pH 10, the effects of pH on the 
permeate flux were reflected in the baseline experiments. Therefore, a comparison of 
pH effects between the baseline and fouling experiments showed the differences 
mainly due to gypsum scaling. Thus the quantitative effects of gypsum scaling on 
membrane performance could be analyzed. 
For easy comparison, the same procedures were conducted to study gypsum scaling 
experiments on all membrane surfaces, i.e., CA, PBI, as well as PBI‒POSS surfaces. 
The composition of scaling solutions was 70 mM CaCl2, 40 mM Na2SO4, and 38 mM 
NaCl. The corresponding saturation index of gypsum calculated by Visual MINTEQ 
software was 0.5. The SI value of gypsum was much greater than 0, the scaling solution 
had very high tendency to form gypsum particles spontaneously. The deposition of 
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gypsum particles on membrane surfaces was studied as functions of membrane 
materials, surface charge, and surface morphologies.  
In each scaling experiment, a 2 L scaling solution was circulated through the shell side 
of the module with a flow rate of 1 L/min (crossflow velocity 0.5 m/s) while a 2 L draw 
solution was conveyed through the lumen side with a flow rate of 0.1 L/min (crossflow 
velocity 3.1 m/s). The use of various MgCl2 concentrations as draw solutes was to 
obtain the same initial flux of 8.5 L/m
2
h for all types of membranes. MgCl2 instead of 
NaCl was employed as the draw solute because the former had a much lower salt 
leakage than the latter. As a consequence, the possible influence from the reverse salt 
flux on gypsum scaling could be minimized. The addition of NaCl in the feed solution 
was to mimic the brine water. Moreover, the enhancement of ionic strength could lower 
the free calcium ion activity [136]. A low free calcium ion activity might lead to an 
increase in the induction time for the formation of the incipient nuclei. As a result, it 
gave us sufficient time to accurately monitor the scaling process. In this study, the 
abrupt change of water flux due to the gypsum scaling usually took place at around 200 
‒ 400 min, while the duration for each fouling test was 600 min in order to cover the 
entire process. 
To investigate effects of the foulant‒membrane interaction, the pH value of scaling 
solutions was adjusted to a pH value of 3.0 ± 0.1 using HCl and to a pH value of 10.0 ± 
0.1 using NaOH without any buffer solution. At the end of each experiment, the pH 
value was re‒measured and the gypsum crystal morphology on the membrane surfaces 
was observed by microscope imaging and analyzed. In‒situ monitoring was carried out. 
The membrane module made of transparent tubing was placed under an optical 
microscope for direct observation. The morphologies of gypsum crystals at different 
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pH conditions at steady state were observed using a microscope. A few drops of freshly 
prepared scaling solutions at pH 3 and pH 10 were taken and dispersed on the petri dish 
to allow air drying. The gypsum crystals were formed in the petri dish when water was 
evaporated. 
3.2.4 Cleaning of Membranes 
Membrane cleaning was conducted immediately after fouling experiments. It lasted 
for 30 min by means of coarse air bubbling in a concentrated 0.5 M MgCl2 solution. A 
cross‒flow velocity of 23 cm/s (Re = 2992) was applied in the shell side. 
Subsequently, the system was washed thoroughly by DI water until the system 
conductivity was lower than 1 μs/cm to ensure all gypsum crystals were removed 







                  (3.1) 
where Jb and Ja were the initial fluxes of membranes before fouling and after cleaning, 
respectively. The feed was 2 L DI water. The other conditions were the same as those 
during FO tests. 
3.3 Results and Discussions 
3.3.1 Membrane Characterizations 
Figures 3.2 and 3.3 illustrate the SEM images of the annealed PBI/PES membrane 
and the annealed PBI‒POSS/PAN membrane, respectively, while the SEM images of 




Figure 3.2 SEM images of the PBI/PES membranes: (a) the cross section; (b) an enlarged cross section; 
(c) the outer PBI surface; (d) the outer PBI selective layer; (e) the middle PES transit layer; and (f) the 
inner PES support layer. 
 
Figure 3.3 SEM images of the annealed PBI‒POSS/PAN membranes: (a) the cross section; (b) an 
enlarged cross section; (c) the outer PBI surface; (d) the outer PBI selective layer; (e) the middle PAN 
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185 ± 6 0.56 ± 0.09 96.33 ± 1.33 48.17 ± 0.67 63.42 ± 2.30 
As‒spun 
PBI‒POSS/PAN 
1038 ± 5 206 ± 1 3.23 ± 0.20 78.0 ± 2.15 27.8 ± 1.96 58.50 ± 3.53 
Annealed 
PBI‒POSS/PAN 
901 ± 14 189 ± 11 0.85 ± 0.11 77.1 ± 0.91 46.4 ± 0.71 51.42 ± 14.85 
Notes: (1) OD = outer diameter; (2) Pure water permeability A: DI water was circulated in the shell 
side of modules and tested at 1 bar transmembrane pressure; (3) MgCl2 rejection: A 1000 mg/L MgCl2 
solution was circulated in the shell side of modules and tested at 1 bar transmembrane pressure. 
Table 3.2 Forward osmosis performances of CA, PBI/PES, as‒spun PBI‒POSS/PAN and annealed 
PBI‒POSS/PAN membranes under FO mode. 
Notes: Feed solution is DI water, and draw solution is 2 M MgCl2. 
As shown in Table 3.1, the PBI‒POSS/PAN membrane without annealing has the 
largest average wall thickness of 206 ± 1 μm, while the CA membrane has the 
smallest wall thickness of 110 ± 7 μm. Although the annealed PBI/PES membrane 
and the annealed PBI‒POSS/PAN membrane have close wall thicknesses and similar 
macrovoid‒free cross‒section morphology, their average A values are quite different 
(i.e., 0.56 ± 0.09 vs. 0.85 ± 0.11 L/(m
2∙bar∙h)). The CA membrane, as‒spun and 
annealed PBI‒POSS/PAN membranes have similar rejections to 1000 mg/L MgCl2, 
while the annealed PBI/PES has the highest rejection. Compared to MgCl2 rejections, 
all membranes have lower NaCl rejections, because the hydrated ionic radius of 
sodium ions is much smaller than that of magnesium ions. The contact angle of 
annealed PBI-POSS/PAN membrane is the lowest, indicating the surface is very 
Membrane fibers 
Flux Jw  
(L/(m2∙h)) 
Reverse salt flux Js 
(g/(m2∙h)) 
Js/Jw ratio 
Annealed CA 11.9 ± 0.1 2.3 ± 0.3 0.19 
Annealed PBI/PES 13.6 ± 0.2 2.7 ± 0.5 0.20 
As‒spun PBI‒POSS/PAN 17.6 ± 0.8 27.6 ± 0.9 1.56 
Annealed PBI‒POSS/PAN 12.6 ± 0.3 8.8 ± 0.6 0.69 
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hydrophilic. However, the standard deviation is higher, which may be attributed to the 
ridge and valley structure of the annealed PBI-POSS/PAN membrane. 
Table 3.2 compares the water fluxes (Jw) and the reverse salt fluxes (Js) of these 
membranes under the FO mode. With a draw solution of 2 M MgCl2, the Jw value of CA 
membranes is 11.9 ± 0.1 L/(m
2∙h), which is the lowest due to the effect of significant 
internal concentration polarization (ICP). However, the CA membranes have the 
smallest Js value of 2.3 ± 0.3 g/(m
2∙h). In contrast, PBI/PES membranes exhibit a bit 
higher Jw of 13.6 ± 0.2 L/(m
2∙h) and Js of 2.7 ± 0.5 g/(m
2∙h). The Js/Jw ratios of both CA 
and PBI/PES membranes are comparable, which are 0.19 and 0.20, respectively. 
Without thermal annealing, the as‒spun PBI‒POSS/PAN membranes have a high Jw of 
17.6 ± 0.8 L/(m
2∙h) and a high Js of 27.6 ± 0.9 g/(m
2∙h). Although the permeability of 
as‒spun PBI‒POSS/PAN membranes is much higher, the water flux is observed to be 
modest higher. This is because the reverse salt flux can reduce the water flux. After 3 
min of thermal annealing in hot water at 95 °C, the Jw value reduces to 12.6 ± 0.3 
L/(m
2∙h) and the Js value reduces to 8.8 ± 0.6 g/(m
2∙h). These reductions of Jw and Js are 





Figure 3.4 The SEM images of the outer surfaces of (a) the annealed PBI/PES membrane; (b) the 
as‒spun PBI‒POSS/PAN membrane and (c) the annealed PBI‒POSS/PAN membrane. Only the 
annealed PBI‒POSS/PAN membrane exhibits a micrometer‒scale ridge and valley structure. The AFM 
images of (d) the CA membrane; (e) the PBI/PES membrane and (f) the annealed PBI‒POSS/PAN 
membrane. The z‒axis (thickness direction) scale is 10 nm for the CA membrane and 50 nm for the 
PBI membranes and the scales for x and y axes are 1 μm for all. 
Moreover, a unique micrometer‒scale ridge and valley structure (Figure 3.4c) is 
observed on the annealed PBI‒POSS/PAN membrane. In contrast, the annealed 
PBI/PES (Figure 3.4a) and as‒spun PBI‒POSS/PAN membranes (Figure 3.4b) do not 
show such a structure. The appearance of the ridge and valley structure may be a 
result of different degrees of shrinkage between the PBI and PAN layers. 
As shown from the AFM images in Figure 3.4d, the CA membrane surface is the 
smoothest among the three, with a root mean square roughness (Rq) of 0.69 nm, 
which may contribute to the low fouling propensity of the CA membranes. In contrast, 
the annealed PBI/PES membrane and the annealed PBI‒POSS/PAN membrane show 










Figure 3.5 Zeta potentials of the (a) PBI membranes and (b) CA membranes as a function of pH values 
in 0.01 M NaCl. 
As shown in Figure 3.5, the isoelectric point of the PBI membrane is about 4.7 ± 0.8. 
This means that the PBI membrane will be positively charged at a pH value of 3 and 
negatively charged at a pH value of 10. In contrast, the CA membrane was negatively 
charged from pH 2.5 to pH 11.5 (Figure 3.5). The amphoteric charging characteristic 
comes from imidazole groups of PBI (Figure 3.6a). The protonation and 
de‒protonation of imidazole groups leads to the positively charged surface and 
negatively charged surface, respectively. 
The contact angle indicates the hydrophilicity of materials. As shown in Table 3.1, the 
average contact angles of CA, annealed PBI/PES, as‒spun PBI‒POSS/PAN and 
annealed PBI‒POSS/PAN membranes are 76.54° ± 4.41°, 63.42° ± 2.30°, 58.50° ± 
3.53° and 51.42° ± 14.85°, respectively. These indicate that PBI is more hydrophilic 
than CA, and the addition of POSS in PBI further increases its hydrophilicity. The 
latter is due to the fact that POSS AL0136 (Figure 3.6b) has hydroxyl and siloxyl 
groups, which have stronger interactions with water molecules through hydrogen 






























treatment slightly improves the hydrophilicity of the annealed PBI‒POSS/PAN 
membrane, possibly due to the enhanced surface roughness [150, 151]. Therefore, the 
hydrophilic PBI‒POSS/PAN with heat treatment may have the lowest fouling 
propensity among all types of membranes. 
 
Figure 3.6 Chemical structures of (a) polybenzimidazole and (b) POSS AL0136. 
3.3.2 Fouling and Anti‒scaling Behaviors 
Figure 3.7 shows the baseline experiments on CA and PBI/PES membranes, which 
compare the pH effects on CA and PBI materials. Normalized fluxes Jw/Jw
0
 at pH 3 
and pH 10 match each other closely. This is owing to the fact that the decrease of 
normalized fluxes is mainly due to the dilution of draw solutions as well as the loss of 
salt from draw solutions. 
In the scaling experiments, the differences in flux between pH 3 and pH 10 will 
represent the pH dependence of membrane fouling. The differences in flux decline 
curves result from the different induction time and different rates of scaling. Induction 
time determines the starting point of flux decline due to fouling, while the slope of 









































Figure 3.7 In order to compare the pH effects on CA and PBI materials, baseline experiments of CA 
and PBI/PES hollow fiber membranes are conducted under the FO mode: (a) CA membranes at pH 3 
and pH 10; and (b) PBI/PES membranes at pH 3 and pH 10. On both CA and PBI membranes, there is 
no difference in flux due to various pH values of solutions. The baseline solution on the shell side 
contains 70 mM MgCl2, 40 mM Na2SO4, and 38 mM NaCl with a cross‒flow velocity of 23 cm/s (Re = 
2992). The draw solution on the lumen side is 2 M MgCl2 at 24 ± 1 °C. The initial flux of CA is 5.5 ± 
0.7 L/(m2∙h) and that of PBI/PES is 11.7 ± 0.7 L/(m2∙h), respectively. 
 
Figure 3.8 The pH effects on scaling for CA, PBI/PES and PBI‒POSS/PAN membranes. CA 
membranes with various initial fluxes: (a) At a low initial flux of 1.8 L/(m2∙h), the percentage of flux 
reduction is limited at pH 3 (29 %) and pH 10 (8 %); (b) At a high initial flux of 8.5 L/(m2∙h), severe 
fouling occurs at pH 3 (63 %) and pH 10 (71 %). PBI membranes with the same initial flux of 8.5 
L/(m2∙h), flux reduction on (c) annealed PBI/PES membranes is 69 % at pH 10 but only 32 % at pH 3; 
(d) annealed PBI‒POSS/PAN is 65 % at pH 10 but only 1.3 % at pH 3. 
At an initial flux of 1.8 L/(m
2∙h), the reference CA membrane exhibits low fouling 




















































































































































































(a) CA initial flux 1.8 L/m2h (b) CA initial flux 8.5 L/m2h 













Although the induction time of the formation of gypsum nuclei is longer in the pH 3 
scaling solution than in the pH 10 scaling solution [19, 35], the starting point of the 
deposition of gypsum particles on the CA membrane will not depend on the pH value 
of solutions significantly. In both pH 3 and pH 10 scaling solutions, the CA 
membrane shows a similar starting point of the flux reduction. As the initial flux 
increases to 8.5 L/(m
2∙h) (Figure 3.8b), the severity of fouling at pH 3 increases 
dramatically from a 29% flux reduction to a 69% flux reduction after 400 min fouling 
experiments. This observation can be explained by the concept of critical flux 
[152-154]. The increased permeation drag induced by the high permeation flux of 8.5 
L/(m
2∙h) leads to the formation of a compact cake layer. It is worth noting that 
because the CA membrane is negatively charged, ranging from pH 2.5 to pH 11.5 
(Figure 3.5), therefore, the pH effect on fouling is not as significant as the initial flux. 
This results in higher percentages of flux reduction at 8.5 L/(m
2∙h) at both pH 3 and 
pH 10. However, with the same initial flux of 8.5 L/(m
2∙h) as the CA membrane, the 
PBI/PES membrane exhibits low‒scaling properties at a pH value lower than its 
isoelectric point of 4.7. 
As shown in Figure 3.8c, the percentage of flux reduction reaches 63 % for the CA 
membrane at a pH value of 3 (Figure 3.8b), but it is only 32 % for the positively 
charged PBI/PES surfaces at pH 3. Clearly, ionic interactions between positively 
charged gypsum crystals and the PBI/PES membrane are strong enough to alter the 
fouling tendency. Gypsum crystals carried a positive charge, because the calcium of 
gypsum crystals carries positive charges. The surface is negatively charged at pH 10 
for both CA and PBI/PES membranes; thus both CA and PBI/PES membranes show 
high values of flux reduction at pH 10. 
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As shown in Figure 3.8d, the annealed PBI‒POSS/PAN membrane provides much 
lower fouling propensity than the CA and PBI/PES membranes. At pH 3, there is a 
1.3 % flux reduction. Moreover, SEM images show a micrometer scale structure 
consisting of ridge and valley (Figures 3.3d and 3.4c). Because the gypsum crystals 
are in the scale of several micrometers (Figure 3.9b), this ridge structure may not 
provide a locally flat surface for the adhesion of crystals; thus, the newly formed 
gypsum would be easily taken away from the surface by the shear force and result in 
the low fouling propensity of the PBI‒POSS/PAN membrane. Formation of a smooth 
membrane surface at the nanoscale level, but possessing a ridge and valley structure at 
the micrometer level, appears to be a good strategy for the development of ultra‒low 
fouling membranes [155, 156]. 
 
Figure 3.9 Comparison of gypsum scaling on the PBI/PES membrane at pH 3 and 10 under the FO 
mode: (a) Normalized flux vs. time at pH 3 and pH 10; a microscopic image of gypsum crystals formed 
at (b) pH 3 and (c) pH 10. The scaling solution contains 70 mM CaCl2, 40 mM Na2SO4, and 38 mM 
NaCl, with a cross‒flow velocity of 23 cm/s (Re = 2992). The draw solution is 1.85 M MgCl2. 
Figure 3.9 illustrates the evolution of flux decline at different pH values for the 
PBI/PES membrane. It suggests that fouling progresses slowly at pH 3 in the first 200 
to 450 min and then remains almost constant after 500 min. The slow process of 




































3, because it has an isoelectric point of about 4.7. As a result, gypsum crystals deposit 
on the membrane surfaces slowly because of charge repulsion. 
Interestingly, as shown in Figure 3.9b, the charge repulsion may also facilitate a 
one‒dimension growth (i.e., a needle shape) of gypsum crystals in order to (1) 
minimize their interactions with the positively charged PBI surfaces and (2) to reduce 
the overall surface energy. Figures 3.8a and 3.8c also show a distinct trend of flux 
decline and different crystal morphology, due to the onset of gypsum scaling at pH 10. 
A sharp flux decline at pH 10 is attributed to the readily adhesion of gypsum crystals 
onto the negatively charged PBI surfaces. Basically, the needle‒like and oval‒square 
shapes of gypsum crystals (Figure 3.9b and 3.9c) are formed at pH 3 and pH 10 
solutions, respectively. 
 
Figure 3.10 In‒situ observation of gypsum scaling on PBI/PES membranes: The yellow fiber is the 
PBI/PES membranes and the white crystals (enclosed by the dashed lines) are the gypsum crystals. (a) 
Clean membrane; (b) scaling at pH 3; and (c) scaling at pH 10. The percentage of surface coverage 
(ratio of membrane area scaled by gypsum over total membrane area) on the membrane at pH 10 is 
higher than that at pH 3.  
In‒situ observation provides direct evidence of more serious fouling behavior at a pH 





by the naked eye as the time reached 200 min. The crystals mainly were formed at the 
region between fibers where there existed less shear forces from the bulk flow. 
Subsequently, crystals grew preferably on the existing crystals and formed clusters on 
the surfaces. At the end of the scaling experiments at pH 10, almost the whole surface 
of the PBI/PES membrane was covered by gypsum crystals, whereas crystals only 
grew in the regions between fibers at pH 3. As shown in Figure 3.10, the percentage 
of surface coverage by gypsum crystals (i.e., the area of the membrane scaled by 
gypsum over the total area of the membranes) was observed significantly higher at pH 
10 than at pH 3.  
Even though both solutions show close gypsum saturation indices, i.e., 0.500 at pH 3 
and 0.505 at pH 10, the attractive ionic force between gypsum crystals and the 
negatively charged PBI surfaces at pH 10 plays a determining role on fouling 
propensity. Furthermore, the pH value after the fouling experiment does not change 
much for the scaling solution with an initial pH value of 3, but decreases noticeably 
for the one with an initial pH value of 10. The reduced pH value for the latter case 
may be the result of the formation of gypsum crystals or complex; thus, the degree of 
alkalinity is reduced [77]. 
3.3.3 Anti‒scaling Characteristics Determined by Atomic Force Measurements 
Figure 3.11 displays the retraction force (including van der Waals force, electrostatic 
interactions and hydrophobic/hydrophilic forces, etc.) between the gypsum 





Figure 3.11 Retraction force curves on the PBI/PES membrane at pH 3 and at pH 10.  
As shown in Figure 3.11, when gypsum particles and the PBI membrane surfaces are 
close to each other, the strong atomic force tends to separate them to achieve a stable 
energy state. As the distance increases, such atomic force also reduces. At pH 3 
(Figure 3.12a), when the distance increases to about 100 nm, the force reduces to 0 
nN, indicating that gypsum and the membrane can be readily separated if the distance 
between them increases further. There is no strong adhesion force between the AFM 
probe and the PBI membrane surfaces at pH 3. 
However, at pH 10 (Figure 3.12b), the atomic force changes from a repulsive force 
into an attractive force when the distance reaches about 110 nm, indicating the 
existence of attractive forces that resist the detachment of gypsum from the membrane. 
This is the major cause inducing the severe fouling at pH 10. When the distance is 
about 155 nm, the attracting forces reach the maximum value (i.e., interaction force 
normalized by the radius of gypsum crystals (F/R) is 0.6 nN/nm). If the distance 
increases to be higher than 155 nm, the attachment breaks because of no strong 






















zero. Thus, a decrease of force is observed at a distance of about 160 nm. It is 
interesting to note that when the distance is 180 nm, the attracting forces reappear (i.e., 
F/R is 0.2 nN/nm). This means that the gypsum tends to be reattached onto the 
membrane surfaces. This is another reason for the high fouling and low cleaning 
efficiency at pH 10. When the distance is longer than 350 nm, the foulant‒surface 
interaction tends to disappear. An acidic condition induces the mutual repulsion 
between gypsum particles and the PBI membrane, whereas a basic condition enhances 
their affinity. As a result, gypsum tends to be repelled away from the PBI membrane, 
leading to a slower fouling and a limited flux decline at pH 3. 
 
Figure 3.12 A schematic diagram of molecular interactions between the PBI/PES membrane and 
gypsum. (a) In acidic solutions, strong repulsive force exists at a distance (i.e., distance between the 
PBI/PES membrane and gypsum) smaller than 100 nm; no attractive force can be observed. (b) In basic 
solutions, attractive force appears when the distance is larger than 110 nm (the strongest at 155 nm, and 
the medium at 180 nm); force disappears when distance is larger than 400 nm. 
+Ca -SO4H2O
PBI/PES membrane in basic saturated CaSO4 2H2O solution
(b)
Distance < 110 nm ~155 nm ~180 nm >400 nm
PBI/PES membrane in acidic saturated CaSO4 2H2O solution 
(a)




3.3.4 Cleaning Efficiency and Fouling Reversibility 
Figure 3.13 compares the initial and recovered flues of these three membranes in FO 
processes. After air bubbling in 0.5 M MgCl2 for 30 min, 73%, 89% and 86% can be 
recovered for CA, PBI‒PES, and annealed PBI‒POSS/PAN membranes respectively 
with the same initial flux of 8.5 L/(m
2∙h).  
  
Figure 3.13 Comparison of cleaning efficiency on CA, PBI/PES, and annealed PBI‒POSS/PAN 
membranes. The initial flux is 8.5 L/(m2∙h). Blank columns are the initial permeate fluxes of fresh 
membranes in scaling experiments under the FO mode. Black columns are the recovered fluxes. 
In‒situ observation shows that turbulence induced by air bubbling vibrates the fiber 
and shakes away the whole piece of gypsum crystals from the fiber. Nevertheless, the 
salt solution during cleaning could also dissolve the crystal layer on the surfaces. It is 
observed that the crystal layer becomes thinner and thinner and finally disappears. 
This result can be explained by the solubility of gypsum in the presence of other salts. 
At 25 C, the solubility values of gypsum are 15 mM/L of in water, 19 mM/L in 50 




































3.3.5 Scaling Mechanisms on Membrane Surfaces 
Figure 3.14 depicts the fouling mechanisms on different membrane surfaces. The 
surface charge of CA membranes is negative in the range of pH 2.5 to pH 11. Thus, as 
shown in Figure 3.14a, the gypsum can readily attach onto the negatively charged CA 
membranes at a pH value of 3 and 10. Moreover, fouling on CA membranes also 
comes from the permeate drag. When the flux increases, the permeate drag also 
increases and so do the degrees of fouling at both pH 3 and 10. 
 
Figure 3.14 Proposed mechanisms of gypsum scaling on (a) the CA membrane: strong adhesion force 
due to the negatively charged surface, (b) the PBI/PES membrane: weaker adhesion force between 
gypsum and positively charged surface, and (c) the PBI‒POSS/PAN membrane: enhanced 
hydrophilicity by POSS and ridge structure induced by heat treatment. 
As discussed above, the positively charged PBI/PES membrane surface (Figure 3.14b) 
would resist the adhesion of positively charged gypsum particles, so that gypsum 
nuclei could not deposit onto the membrane surfaces easily. Therefore, fouling at pH 
3 (i.e., the PBI/PES membrane with a positive charge) is much slower than pH 10 (i.e., 



























For the annealed PBI‒PAN membrane containing POSS, the anti‒scaling properties at 
pH 3 can be further improved. Since the needle‒like gypsum crystals formed in acidic 
solutions are much larger than the oval‒square shapes formed in basic solutions, as 
shown in Figure 3.14c, the big crystals can be easily washed away from the 
membrane surfaces, because the ridge structure cannot provide a flat surface for 
adhesion. With the aid of combined effects from hydrophilic particles POSS and the 
ridge and valley structure induced by heat treatment, the quantity of gypsum 
deposited onto the membrane surfaces is low. Therefore, the extent of gypsum scaling 
on the PBI‒POSS/PAN membranes is much less than the other two types of 
membranes. This observation suggests that low fouling membranes can be designed 
by introducing a ridge and valley structure at the micrometer scale. 
3.4 Conclusion  
We have investigated gypsum scaling on the CA, annealed PBI/PES and annealed 
PBI‒POSS/PAN membranes with either positively or negatively charged surfaces. It 
was found that enhanced ionic interactions between gypsum crystals and negatively 
charged CA and PBI surfaces induced fast gypsum scaling. Such attractive ionic force 
can be alleviated by changing the PBI surface into a positively charged surface. In 
addition, the hydrophilic POSS particles and the micrometer‒scale ridge and valley 
structure on the positively charged PBI membranes can further reduce gypsum scaling. 
This study revealed that, by manipulating the membrane surface charge, one can alter 
the affinity of crystals onto the surface. Similarly, a surface with a ridge structure can 




Chapter 4. Membrane Fouling in Pressure Retarded Osmosis Processes 
4.1 Motivation 
The technology of pressure retarded osmosis (PRO) aims to convert the Gibbs free 
energy of mixing two solutions with different salinity to osmotic energy [3, 21-24]. 
Asymmetric membranes have been employed in most PRO studies [25-34] where the 
high‒salinity solution flows on the dense selective layer and the low‒salinity solution 
on the porous layer of the membranes. However, membrane fouling becomes one of 
the major challenges in PRO processes, especially on the porous layer facing the river 
water or wastewater [3, 35, 37-41]. Within the porous structure, the high permeate 
drags and reduces the back diffusion of foulants, as a result, foulants can easily 
accumulate onto the porous membrane surfaces. 
Table 4.1 Compositions of selected surface water and average seawater. 
 (1) (2) (3) (4) (5) 
Ca2+ (mg/L) 40.7 1.68 144 6.5 400 
Mg2+ (mg/L) 7.2 0.24 55 1.1 1350 
Na+ (mg/L) 1.4 0.16 ~27 ~37 10500 
K+(mg/L) 1.2 0.31 ~2 ~3 380 
HCO3
‒(mg/L) 114 5.4 622 77 28 
SO4
2‒(mg/L) 36 1.3 60 15 185 
Cl‒(mg/L) 1.1 0.06 53 17 19000 
Silica (mg/L) 3.7 0.7 22 103 3 
TDS (mg/L) 207 10 670 222 35000 
pH ‒ 6.9 ‒ 6.7 ‒ 
Notes: (1). Composition of the Rhine River as it leaves the Alps; (2) Stream draining igneous rocks in 
the Washington Cascades; (3) Groundwater from limestone of the Supai Formation, Grand Canyon; (4) 
Groundwater from volcanic rocks, New Mexico; (5) Average seawater. TDS is the total dissolved solid. 
A tilde “~” means “approximately”. A dash “‒” indicates “not detectable or unanalyzed”.  
Various types of foulants have been observed and studied such as scale precursor ions 
of mineral salts, organic macromolecules, and bacteria [7, 62, 159-169]. Table 4.1 
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summarizes the compositions of surface water in various streams [170], which contain 
abundant calcium, sulfate and carbonate ions. Since gypsum (CaSO4·2H2O) and 
calcite (CaCO3) may form in the concentration polarization layer of the feed water 
stream during the PRO process, they may deposit onto the membrane surfaces as 
mineral scales. Alginate, one of the major organic components in natural water and 
wastewater effluent, can also form the alginate gel on membrane surfaces. Moreover, 
the combined inorganic and organic fouling may complicate the fouling mechanisms 
and alter the fouling propensity of the membranes [47, 48, 171]. In addition, different 
from pressure driven membrane processes, there is a reverse salt flux in engineering 
osmosis processes [5, 9, 46, 172-175]. Furthermore, the reverse salt flux often 
increases rapidly with an increase in operation pressure in PRO processes [28, 30-34]. 
The reverse salt ions may induce complicated interactions with foulants and reduce 
flux as well as power density. Therefore, there is an imperative need to investigate 
fouling behaviors under high operating pressures in PRO process. 
A new thin film composite (TFC) PRO membrane comprising a polyamide layer on a 
polyethersulfone (PES) hollow fiber substrate was employed in this study. Although 
there are several fouling studies in PRO processes [35, 37-41], no study has been 
reported on the effects of combined fouling from gypsum scale precursor ions, 
alginate macromolecules and reverse salt ions on the new PRO hollow fiber 
membranes under high hydraulic pressures. This chapter aims to reveal the combined 
fouling mechanisms and their effects on membrane surfaces by changing the surface 
chemistry using the aforementioned foulants. This study may provide useful insights 
for the development of sustainable PRO membranes for osmotic power generation. 
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4.2 Materials and Methods 
4.2.1 Materials 
The hollow fiber substrate was made from the Radel® A polyethersulfone (PES, 
Solvay Advanced Polymer, L.L.C., GA). M‒phenylenediamine (MPD, > 99 %, 
Sigma‒Aldrich), 1,3,5‒benzenetricarboxylic acid chloride (TMC, 98 %, 
Sigma‒Aldrich), sodium dodecyl sulphate (SDS, > 98.5 %, Sigma‒Aldrich) and 
hexane (> 95 %, J. T. Baker®) were used to synthesize a thin polyamide layer on top 
of the PES substrate through interfacial polymerization. Calcium chloride (CaCl2, 
98 %, Sigma‒Aldrich) and sodium sulfate (Na2SO4, > 99 %, Sigma‒Aldrich) were 
utilized as gypsum scale precursors. Sodium alginate (Sigma‒Aldrich) was used as 
one of representative organic macromolecules in surface water without further 
purifications. Sodium chloride (NaCl, 99.5 %, Merck) was employed as the draw 
solute for all tests. 
4.2.2 Fabrication of Thin Film Composite Membranes 
The detailed spinning parameters of PES hollow fiber membranes were similar to 
those reported previously [34, 176]. The as‒spun hollow fibers were then soaked in 
tap water to remove residual solvents for 2 days. Subsequently, the fibers were 
immersed in a 50/50 (in wt%) glycerol/water solution for 2 days and air‒dried for 
another 2 days. 
Five pieces of hollow fibers were bundled into a perfluoroalkoxy (PFA, Swagelok) 
tubing with an outer diameter 1.27 cm and an inner diameter of 0.96 cm. The two 
tubing ends were sealed by an epoxy resin (Taiwan Kuo Sen EP231) to form a 
tubesheet. After the epoxy was cured for 48 h and the module was ready. The length 
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of fibers was about 15 cm and the average effective membrane area was around 
0.0014 m
2
. A 2 wt% MPD aqueous solution containing 0.1 wt% SDS was pumped 
into the lumen side of hollow fibers for 3 min at a flow rate of 4.25 ml/min using a 
Manostat® Carter precision pump. The excessive MPD in the lumen side was purged 
by air for 5 min by using a compressed air gun. After the removal of MPD, a hexane 
solution comprising 0.15 wt% TMC was pumped into the lumen side with a flow rate 
of 2.50 ml/min for 5 min. The excessive TMC was purged by air for 30 s. 
4.2.3 Pressure Retarded Osmosis Tests 
Firstly, DI water was circulated on both shell and lumen sides of hollow fibers at a 
flow rate of 0.1 L/min for 1 day to thoroughly remove the residual glycerol. Secondly, 
the fluid pressure in the lumen side was increased to 20 bar and stabilized for 1 h to 
condition the TFC/PES hollow fiber membranes. The membrane fibers were then 
ready for PRO tests. 
A DI water feed was circulated in the shell side at a flow rate of 0.1 L/min (crossflow 
velocity 0.023 m/s) while a 1 M NaCl draw solution was pumped through the lumen 
side at a flow rate of 0.1 L/min (crossflow velocity 2.2 m/s). The pressure of the DI 
water was maintained at the atmospheric pressure and the hydraulic pressure of the 1 
M NaCl solution was varied from 0 to 18 bar. The water flux (Jw) was determined by 
the weight change of the feed solution, while the reverse salt flux (Js) was measured 
by the conductivity change in the feed solution. The power density (W/m
2
) was 







                   (4.1) 
where Jw was the permeate flux of membrane in L/(m
2∙h), and ΔP is the 
transmembrane pressure in bar. 
Baseline tests were conducted by circulating 2 L of DI water and 2 L of 1 M NaCl in 
the shell and lumen sides, respectively. A cross‒flow velocity of 11.6 cm/s was 
applied in the shell side, while a velocity of 1.9 m/s was maintained in the lumen side. 
Three hydraulic pressures were employed in the lumen side; namely, 0 bar, 8 bar and 
18 bar. Hollow fibers with pre‒compression were used for tests at 8 bar and 18 bar so 
that the power density could be compared, while fibers without pre‒compression were 
used for tests at 0 bar so that the initial flux at 0 bar would be at the same level as that 
at 18 bar and the effects of reverse salt flux could be compared. All baseline tests 
were recorded after 1 h stabilization. For easy comparison, normalized flux (Jw/Jw
0
), 
defined as the instantaneous permeate flux divided by the initial permeate flux, was 
used to eliminate the differences between modules. Similarly, flux reduction 
percentage (r) defined as the permeate flux of the fouled membrane Jw,fouled divided by 
the water flux of the baseline membrane Jw was employed to remove the dilution 
effects.  
Table 4.2 listed the compositions, osmotic pressure and ionic strength of the feed 
solution in each fouling tests. The osmotic pressures of foulants were measured by the 
osmometer (Model 3250 Osmometer, Advanced Instrument). Three measurements of 
each fouling tests were conducted, and the average value was reported. The ionic 
strength, I, of fouling solutions was calculated by Eq. (2.11). The saturation index (SI) 
was calculated using Visual MINTEQ software. 
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Scaling 5 20 0 1.20 0.075 10SI of gypsum 0.36 
Alginate fouling 0 0 200 ‒ ‒ 
Fouling without the 




5 20 200 1.20 0.075 
Add scalants 
followed by alginate 
Alginate then 
scalants 
5 20 200 1.20 0.075 
Add alginate 
followed by scalants 
Note: SI: Saturation Index, 10SI < 1 indicates the undersaturation state of gypsum so that no 
crystallization is initiated. A dash “‒” indicates “not applicable”. 
In scaling experiments, a low concentration of 5 mM CaCl2 was used to mimic the 
river water. Even though the solution was not saturated according to the calculation 
introduced elsewhere [46], surface crystallization could still occur as long as the 
calcium and sulfate ion concentrations in the concentration polarization layer exceed 
the solubility limits. In contrast, a high alginate concentration of 200 mg/L was used 
to increase the rate of organic fouling. The fluxes at t = 0 min were determined with 
DI water as the feed solution and 1 M NaCl as the draw solution for all tests, and the 
foulants were added at t = 1 min. Since the conditioning of membranes may change 
their surface chemistry, two scenarios of conditioning were proposed: (1) 
conditioning the membrane by mineral salt ions until a 10 % flux reduction, then 
introducing the alginate into the feed water; and (2) conditioning the membrane by 
alginate first until a 10 % flux reduction, and then adding mineral salt ions into the 
feed water. The fouling experiments were performed for about 4000 min. 
4.2.4 Membrane Characterizations 
The pure water permeability A and salt rejection Rs were tested using the PRO set‒up 
by circulating DI water and 2000 mg/L NaCl at a flow rate of 0.1 ml/min in the lumen 
side of membrane modules, respectively. The transmembrane pressure was 18 bar for 
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all tests. The concentrations of NaCl in the feed and the permeate were determined 
using a calibrated conductivity meter (Lab 960, Schott). Salt permeability B was 
calculated from Eq. (2.6). 
A Scanning Electron Microscope (JSM‒5600LV, JEOL) in combination with Energy 
Dispersive X‒ray spectroscopy (INCA x‒act, Oxford Instruments) (SEM/EDX) was 
used to examine the surface morphology of membranes and compositions of the 
fouling layer. 
4.3 Results and Discussion 
4.3.1 Membrane Characterizations 
Table 4.3 summarizes the water and salt permeability of the hollow fiber membranes 
after stabilizing at 18 bar for 1 h. Fibers tested at 18 bar have a water permeability of 
2.5 L/(m
2
bar∙h), a NaCl rejection of 97.7 %, and a salt permeability of 0.9 L/(m2∙h). 
The structural parameter is 450 µm [34]. 
Table 4.3 The water permeability A, salt rejection Rs, salt permeability B and structural parameter S of 
the stabilized TFC/PES hollow fiber membranes. The fibers were stabilized at 20 bar for 1 h and the 
tests were then conducted at 18 bar. DI water and 2000 mg/L NaCl were used to calculate water 
permeability A and salt rejection Rs, respectively. 
A, L/(m2bar∙h) NaCl rejection Rs, % B, L/(m
2∙h) S, µm [34] 





Figure 4.1 (a) The permeate flux, reverse salt flux and (b) calculated power density of the TFC/PES 
hollow fiber membranes in PRO processes. (Draw: 1 M NaCl, Feed: DI water) 
Table 4.4 Osmotic power generation by PRO processes. 
Pressure (bar) Flux (L/(m2∙h)) 
Reverse salt flux 
(g/(m2∙h)) 
Power density (W/m2) 
0 43.9 ± 0.5 9.9 ± 0.3 0 
8 33.5 ± 0.9 74.3 ± 9.7 7.4 ± 0.1 
10 30.9 ± 0.8 90.4 ± 11.0 8.6 ± 0.2 
14 26.6 ± 0.4 136.5 ± 13.4 10.4 ± 0.2 
16 25.2 ± 0.7 142.4 ± 3.8 11.0 ± 0.3 
17 23.4 ± 0.6 149.1 ± 0.8 11.1 ± 0.3 
18 22.3 ± 0.7 150.5 ± 2.5 11.2 ± 0.3 
Notes: The feed solution is DI water, and the draw solution is 1 M NaCl. 
Figure 4.1 shows the osmotic power generation and reverse salt flux as a function of 
hydraulic pressure applied in the draw solution during PRO tests. The initial 
concentration of the draw solution is 1 M NaCl. The highest achievable power density 
is 11.2 ± 0.3 W/m
2
 at 18 bar. At 0 bar, the permeate flux is as high as 43.9 ± 0.5 
L/(m
2∙h), while the reverse salt flux is as low as 9.9 ± 0.3 g/(m2∙h). An increase in 
hydraulic pressure leads to a decrease in water flux and a corresponding increase in 
reverse salt flux. The reverse salt flux reaches a plateau at 17 bar. At the highest 
testing pressure of 18 bar, the permeate flux reduces to 22.3 ± 0.7 L/(m
2∙h) with a 
reverse salt flux of 150.5 ± 2.5 g/(m
2∙h). The calculated power density is 11.2 ± 0.3 


































































, which also apparently reaches a short plateau at 16 bar. Table 4.4 tabulates the 
detailed quantitative data in terms of water flux, reverse salt flux and power density as 
a function of hydraulic pressure in PRO experiments. For comparison, fibers without 
the pre‒compression were tests. They have a permeate flux of 24.5 ± 1.9 L/(m2∙h), 
and a reverse salt flux of 5.6 ± 1.1 g/(m
2∙h). 
Figure 4.2 illustrates the morphology of the PES support layer. Its cross‒section 
(Figure 4.2a and 4.2c) consists of a macrovoid layer and a sponge‒like layer. A dense 
inner layer (Figure 4.2b) exists beneath the macrovoid layer suitable for interfacial 
polymerization because it has a relative smooth surface (Figure 4.2e) [13]. It has a 
porous outer layer (Figure 4.2d and 4.2f) for easy water transport, but is also 
vulnerable for fouling.  
 





(c) Middle layer (d) Outer layer
(e) Inner surface (f) Outer Surface
5 μm




4.3.2 Comparisons of Baseline Experiments 
The initial fluxes are comparable between fibers tested without pre‒compression 
(Figure 4.3a curve 1) at 0 bar and fibers with pre‒compression (Figure 4.3a curve 3) 
at 18 bar. The initial flux is the highest for fibers tested with pre‒compression at 8 bar 
(Figure 4.3a curve 2).  
 
Figure 4.3 A baseline comparison under various hydraulic pressures: (a) flux vs. time; (b) normalized 
flux vs. permeate volume. (Draw: 1 M NaCl, Feed: DI water) 
At 0 bar (Figure 4.3b curve 1), the reduction of normalized flux is the fastest during 
the collection of the first 50 ml permeate volume. This is due to that fact that the 
effective osmotic driving force across the membrane is rapidly reduced because of (1) 
the reverse salt flux from the draw solution to the feed water and (2) the effect of 
internal concentration polarization (ICP) inside the PES support layer. However, these 
two effects are weakened at 18 bar (Figure 4.3b curve 3) because the reverse salt flux 
is extremely high and reaches a plateau at 17 bar. Therefore, there are already plenty 
of NaCl ions existing in the support layer when pressure is raised up to 18 bar. 
Additional reverse flux in the first 150 ml permeate does not affect the effective 
driving force, thus the reduction of normalized flux becomes insignificant and the 
normalized flux remains almost constant for the first 150 ml permeate. After 
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pressures are the same at the same permeation volume, but the final normalized flux 
drops to 58.6 %, 61.3 % and 85.0 % at 0 bar, 8 bar and 18 bar, respectively. 
4.3.3 Synergistic Effects of the Combined Fouling 
Figure 4.4 ‒ 4.6 shows the fouling behaviors of TFC/PES hollow fiber membranes 
under the effects of calcium ions, sulfate ions, and sodium alginate under various 
hydraulic pressures. Table 4.2 describes the detailed compositions of fouling 
solutions. 
Effects of gypsum scale precursor ions at 0 bar. In the scaling test (Figure 4.4a, 
curve 2), an abrupt flux drop is observed after the addition of CaCl2 and Na2SO4 into 
DI water at t = 1 min, which is due to an increment of osmotic pressure and the 
internal concentration polarization caused by the additional ions. After stabilizing for 
60 min, the flux reduces to 14 L/(m
2∙h) and recorded as the initial permeate flux in the 
scaling test. The subsequent flux is normalized by 14 L/(m
2∙h). In the scalants then 
alginate test (Figure 4.4a, curve 3), alginate is added into the bulk solution after 
conditioning the membrane by mineral salt ions until a 10 % flux reduction, so the 
initial permeate flux used for normalization becomes 15 L/(m
2∙h). It can be seen that 
the initial fluxes for above two tests are comparable. 
Up to the collection of the first 100 ml permeate volume (Figure 4.4b, curve 2), the 
scaling curve follows the same trend as the baseline. Because the concentrations of 
calcium and sulfate ions in the bulk solution and on the membrane surface are well 
below the saturation point, gypsum crystallization is not initiated. As the permeate 
volume increases, the salt ions accumulate in membrane pores and within the 
concentration polarization layer. After permeating 100 ml, the concentrations of ions 
 66 
 
may be over saturated within the concentration polarization layer. Thus, gypsum is 
formed on the PES support layer, which leads to a flux difference between the 
baseline and scaling curve. SEM‒EDX analyses in sections 4.3.5 and 4.3.6 prove the 
existence of gypsum crystals and calcium element in the fouling layer.  
 
Figure 4.4 Baseline experiments, gypsum scaling, alginate fouling and combined fouling on TFC/PES 
hollow fiber membranes at 0 bar: baseline, gypsum scaling and scalants conditioning and then alginate 
fouling tests plots on the scale of (a) flux vs. time and (b) normalized flux vs. permeate volume; 
baseline, alginate fouling and alginate conditioning and then scalants fouling tests plots on the scale of 
(c) flux vs. time and (d) normalized flux vs. permeate volume. The initial fluxes for normalization are 
indicated in brackets (time, flux). 
In the scalants conditioning and then alginate fouling test, the alginate addition causes 
an abrupt flux decline (Figure 4.4b, curve 3). This flux decline may be caused by the 
combined synergistic fouling and increased concentration polarization after the 
addition of alginate [47]. On one side, the calcium ions accumulated within the 
concentration polarization layer may attract the negatively charged carboxyl 
functional groups and thus accelerate the rate of alginate gelation [35]. On the other 
side, the alginate molecules may lower the energy of hetero‒crystallization of gypsum, 
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growth of gypsum crystals. The presence of gypsum crystals could then alter the 
deposition kinetics of alginate and the structure of the fouling layer. 
Effects of alginate conditioning at 0 bar. In contrast, a steep flux decline is observed 
after injecting alginate alone without calcium ions (Figure 4.4c, curve 4), but the flux 
decline after 150 min is much slower. This indicates that the initial fouling between 
foulants and membrane may impede the water transport more than the fouling through 
foulants and foulants interactions. In the alginate conditioning and then scalants 
fouling test (Figure 4.4c, curve 5), the conditioning of alginate at t = 1 min and the 
subsequent addition of scalants reduce the permeate flux to 16 L/(m
2∙h). The 
normalized flux is shown in Figure 4.4d. A comparison of the initial flux decline 
indicates that pure alginate fouling (Figure 4.4d, curve 4) is slightly faster than 
alginate conditioning then scalants fouling (Figure 4.4d, curve 5). This may be due to 
a higher initial flux of 22 L/(m
2∙h) for pure alginate fouling. However, the overall flux 
decline is higher in alginate conditioning then scalants fouling than in alginate fouling, 
which may be attributed to calcium bridging of alginate molecules. 
Comparing the slopes of normalized fluxes between curve 4 in Figure 4.4d and curve 
2 in Figure 4.4b, one can observed that the individual alginate fouling has a faster 
decline rate of normalized flux than the individual mineral ions scaling. After 
collecting 100 ml permeate, the normalized flux of the former reduces to 73.0 % (i.e., 
flux reduces 6.0 L/(m
2∙h)) while the latter only drops to 82.1 % (i.e., flux reduces 2.5 
L/(m
2∙h)).  
Even though the foulant compositions are the same, a comparison between curve 3 in 
Figure 4.4b and curve 5 in Figure 4.4d indicates that the sequence of foulant 
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conditioning affects the total flux decline significantly. After collecting 200 ml 
permeate, the alginate conditioning and then scalants fouling experiment leads to a 
flux reduction ratio of about 32.9 % (i.e., flux reduces 7.7 L/(m
2∙h)), which is less 
than 47.5 % (i.e., flux reduces 9.0 L/(m
2∙h)) in the scalants conditioning and then 
alginate fouling experiment. 
 
Figure 4.5 Baseline experiments, gypsum scaling, scalants conditioning and then alginate fouling on 
TFC/PES hollow fiber membranes at 8 bar and 18 bar: baseline, gypsum scaling and scalants 
conditioning and then alginate fouling tests plots on the scale of (a) flux vs. time at 8 bar, (b) 
normalized flux vs. permeate volume at 8 bar, (c) flux vs. time at 18 bar, and (d) normalized flux vs. 
permeate volume at 18 bar. The initial fluxes for normalization are indicated in brackets (time, flux). 
Fouling under high pressures. Since reverse salt flux increases with an increase in 
hydraulic pressure in PRO processes [28-34] and the diffused salts may interact with 
foulants of the feed water [35, 46-48], fouling studies were therefore conducted at 
both 8 and 18 bar. 
The initial fluxes are comparable for fouling tests at 8 bar (Figure 4.5a). As shown in 
Table 4.4, the initial flux reduces to 33.5 ± 0.9 L/(m
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increases to 74.3 ± 9.7 g/(m
2∙h) when the hydraulic pressure is raised to 8 bar. The 
flux continuously drops with an increase in permeate volume. This decline is mainly 
due to the combined effects of a lower driving force across the membrane, the 
enhanced ICP effect induced by the higher reverse salt flux, and the dilution of draw 
solution. 
However, as shown in Figure 4.5b curve 2, the normalized flux in the pure scaling 
experiment stays almost the same initially (i.e., the first 100 ml permeate) despite the 
addition of CaCl2 and Na2SO4 even though the initial flux drops from 33.5 ± 0.9 to 
20.6 ± 0.2 L/(m
2∙h) after adding these mineral ions. This interesting phenomenon is 
resulted from three factors: (1) there are plenty of CaCl2 and Na2SO4 ions in the 
support layer. As a result, the reverse salt flux in the first 100 ml permeate is too small 
to affect the effective driving force across the membrane and induce a severe ICP 
effect; (2) The smaller initial flux leads to a lower gypsum concentration accumulated 
on the membrane surfaces because of a lower drag force from the permeate, thus 
prevents scaling; and (3) the reverse salt flux deters the gypsum crystallization 
because of additional ionic interactions as reported by Chen et al. [35]. 
After collecting 200 ml permeate volume, Figure 4.5b curve 2 shows that there is a 
slight drop in normalized flux in the scaling experiments. As a result, the difference 
between the scaling curve and baseline becomes smaller and smaller. When the 
permeate volume is over 600 ml, the normalized flux of the scaling curve approaches 
to the same value as the baseline. This might indicate that gypsum scaling may be 
inhibited by the increasing reverse salt flux at 8 bar. SEM‒EDX analyses in section 
4.3.6 illustrate an almost 0 calcium element in the fouling layer at 8 bar. 
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However, the addition of alginate after mineral ions conditioning gives a surprising 
phenomenon at 8 bar. There is an abrupt drop of normalized flux in the range of 50 ‒ 
100 ml permeate volume at 8 bar, as shown in Figure 4.5b curve 3. Since the gypsum 
scaling may be inhibited by the increasing reverse salt flux [35], the synergistic 
fouling observed in section 3.3.1 from gypsum and alginate is unlikely taking place at 
8 bar for this case. 
A similarly phenomenon is also observed in the scaling experiment and in the scalants 
conditions and then alginate fouling at 18 bar (Figure 4.5c curve 4 and 5) comparing 
with 8 bar. The initial normalized flux (Figure 4.5d curve 4) stays almost the same in 
the first 100 ml permeate as that of the baseline (Figure 4.5d curve 1). Since the 
reverse salt flux is high at 18 bar, a plenty of NaCl ions in the support layer may 
reduce the ICP effects caused by the addition of CaCl2 and Na2SO4 and even inhibit 
the formation of gypsum scaling. In contrast, the addition of alginate after mineral 
ions conditioning also leads to an abrupt drop of flux at 18 bar. As shown in Figure 
4.5d curve 5, after collecting 200 ml permeate, the flux is reduced to only 58.0 % of 
the initial permeate flux (i.e., flux reduces 7.6 L/(m
2∙h)). These drops at 8 and 18 bar 
are possibly due to the salt induced concentration polarization within alginate fouling 
layer and enhanced alginate fouling due to calcium ions as discussed in the next 
section. 
Effects of reverse salt flux on alginate fouling under high PRO pressures. As 
shown in Figure 4.6a curves 2 and 3, moderate fouling can be observed for pure 
alginate fouling and alginate conditioning and then scalants fouling experiments at 8 
bar. Both the initial and the overall flux decline are faster with the aid of calcium ions 
at 8 bar (Figure 4.6b curve 3).  Interestingly, as shown in Figure 4.6c curves 4 and 5, 
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flux declines at 18 bar are much faster than at 8 bar for both alginate fouling alone 
and alginate conditioning and then scalants fouling. The normalized flux drops 




Figure 4.6 Baseline experiments, alginate fouling, alginate conditioning and then scalants fouling on 
TFC/PES hollow fiber membranes at 8 bar and 18 bar: baseline, alginate fouling and alginate 
conditioning and then scalants fouling tests plots on the scale of (a) flux vs. time at 8 bar, (b) 
normalized flux vs. permeate volume at 8 bar, (c) flux vs. time at 18 bar, and (d) normalized flux vs. 
permeate volume at 18 bar. The initial fluxes for normalization are indicated in brackets (time, flux). 
The percentages of flux reduction between the baseline and fouling curve at 400 ml 
are consistent with the order of their reverse fluxes with reduction values of 20.8 and 
53.1 % at 8 and 18 bar, respectively. Since pressure is the only variable in these 
experiments, the increased reverse salt flux facilitates alginate fouling. The main 
contribution to the flux decline should be the sodium concentrated layer. Salts diffuse 
from the draw solution to the feed and accumulate within the alginate fouling layer 
which forms inside the membrane support layer. The salts in the fouling layer lead to 
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osmotic driving force. As a result, when the reverse salt flux increases from 74.3 ± 9.7 
g/(m
2∙h) at 8 bar to 150.5 ± 2.5 g/(m2∙h) at 18 bar, the trapped sodium ions lead to 
substantial flux declines at 8 bar and 18 bar even in the absence of calcium ions. 
The above fouling behavior becomes much more severe in the presence of calcium 
ions at 18 bar. As shown in curve 5 of Figure 4.6d, a dramatic reduction of 
normalized flux is observed immediately after the addition of alginate for the case of 
alginate conditioning and then scalants fouling experiments at high pressures. If 
calcium ions are present, the accumulated alginate layer is further tightened because 
calcium ions can interact with alginate and cause a further flux decline. 
In summary, gypsum scaling is obvious at 0 bar but is almost eliminated at 8 bar and 
18 bar due to the inhibition of an increased reverse salt flux. The initial rate of flux 
decline in alginate fouling is the lowest at 0 bar but increases with an increase in 
hydraulic pressure because the reverse salt flux may induce cake‒enhanced osmotic 
pressure. At a high hydraulic pressure of 18 bar, a significant flux decline is also 
attributed to the calcium bridged alginate molecules in both scalants conditioning and 
then alginate fouling and alginate conditioning and then scalants fouling. 
4.3.4 Osmotic Power Densities of PRO Processes 
Figure 4.7 illustrates the osmotic power density of TFC‒PES hollow fibers at 8 bar 




Figure 4.7 Power density in baseline experiments, alginate fouling, scalants conditioning and then 
alginate fouling, alginate conditioning and then scalants fouling on TFC/PES hollow fiber membranes 
at 8 bar and 18 bar: baseline and (a) gypsum scaling, (b) alginate fouling, (c) scalants conditioning and 
then alginate fouling, and (d)  alginate conditioning and then scalants fouling. 
When DI water is the feed, the advantage of a high operating pressure is obvious. The 
power density at 18 bar (Figure 4.7a, curve 1) is much higher than at 8 bar (Figure 
4.7a, curve 3).  Similarly, the power density at 18 bar (Figure 4.7a, curve 2) 
maintains at a relatively high level when the scalants are the major foulants. This is 
because the gypsum scaling is inhibited by the high reverse salt flux at 18 bar. 
However, alginate fouling at 18 bar (Figure 4.7b, curve 2) leads to a faster flux 
decline than that at 8 bar (Figure 4.7b, curve 4) because of the cake‒enhanced osmotic 
pressure caused by a high reverse salt flux, and thus a faster reduction of power 
density in the first 1000 min test. With the conditioning of calcium ions, alginate 
fouling is further enhanced which causes a further decrease in power density (Figure 
4.7c) at 8 bar and 18 bar. Interestingly, alginate conditioning and then scalants at 18 
bar leads to a much more significant cake‒enhanced osmotic pressure than that at 8 
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bar. As a result, the power density at 18 bar (Figure 4.7d, curve 2) is even lower than 
that at 8 bar (Figure 4.7d, curve 4). 
4.3.5 Morphologies of Fouling Layers 
To further understand the fouling layer structure, SEM images of fouled membranes 
were analyzed and compared. 
 
Figure 4.8 SEM images of morphologies: scaling at 0 bar and 8 bar; alginate fouling at 0 bar.  
Figure 4.8a shows the needle‒like gypsum crystals observed on membrane surfaces 
after the scaling experiment at 0 bar. Since the gypsum crystals scatter randomly on 
the surfaces rather than in the inner support layer (Figure 4.8b), they may not augment 
the transport resistance significantly. In contrast, no visible gypsum particles can be 
observed either on the outmost membrane surface or in the inner support layer at 8 bar 
(Figure 4.8c‒d), which may be attributed to the inhibition of gypsum scaling by the 
high reverse salt flux. The calcium element is almost undetectable as shown in EDX 
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analyses in section 4.3.6. In contrast, the alginate fouled membrane contains a dense 
layer of alginate gel on the surface (Figure 4.8e) and inside the support layer (Figure 
4.8f). Therefore, consistent with curve 5 of Figure 4.4d, the alginate gel layer causes a 
more noticeable reduction of normalized flux than the gypsum scaling. 
 
Figure 4.9 SEM images of fouling layer morphologies after scalants conditioning and then alginate 
fouling at 0 bar (a‒b), 8 bar (e‒f), 18 bar (i‒j) and alginate conditioning and then scaling experiments at 
0 bar (c‒d), 8 bar (g‒h) and 18 bar (k‒l). The foulants are indicated  by the red segments. 
Figure 4.9 compares the fouling structures from different sequences of conditioning 
and fouling. All fibers are fully wrapped by compact fouling layers and the inner 
support layers are filled by the foulants. As shown in Figure 4.9a, the scalants 
conditioning and then alginate fouling experiment results in fibers consisting of a 
leafy structure. This leafy structure may be caused by the presence of gypsum crystals 
during the growth of the alginate gel. The inner support layer (Figure 4.9b) is also 
crammed by gel like foulants. In contrast, Figure 4.9c shows a layer by layer alginate 
gel. The absence of leafy structure indicates the absence of gypsum crystals during the 
(a) (b) (c) (d)
(e) (f) (g) (h)
(i) (j) (k) (l)
Scalants conditioning and then alginate fouling 
under 0 bar 
under 8 bar 
under 18 bar 
Alginate conditioning and then scaling experiments 
under 0 bar 
under 8 bar 
under 18 bar 
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alginate conditioning and then scalants fouling experiment. The gel like foulants are 
less compacted in the support layer (Figure 4.9d). The detailed EDX data will be 
analyzed in the next section. 
Surface morphologies from combined fouling at 8 bar and 18 bar show a similar 
structure. Since the reverse salt fluxes becomes higher under hydraulic pressures of 8 
bar and 18 bar, no visible gypsum particles can be observed on the membrane 
surfaces. As shown in Figure 4.9e and 4.9i, instead of the leafy structure, a 
snowflake‒like structure appears on the alginate gel layer of the scalants conditioning 
and then alginate fouled membrane. In contrast, a similar compact gel structure as 
Figure 4.9c can be observed in Figure 4.9g and 4.9k of alginate conditioning and then 
scalants fouled membranes. In the inner support layer, the morphologies of the 
gel‒like foulants are similar as Figure 4.9d. 
4.3.6 SEM‒EDX Analyses 
The carbon to oxygen (C:O) ratio is used as the indicator for the alginate fouling. The 
molecular formulas of polyethersulfone and sodium alginate are (C12H8O3S)n and 
NaC6H7O6, respectively. The C:O ratio should be 4:1 for polyethersulfone and 1:1 for 
alginate. Theoretically, alginate fouling leads to a decrease of C:O ratio from 4:1 to 
1:1. 
As shown in Figure 4.10 the pristine PES surface has the highest C:O ratio. As for the 
pure scaling and alginate fouling, their C:O ratios decrease. This indicates that the 
initial PES support layer has been covered and the surface chemistry is changed by 
the fouling layer. As the alginate fouling layer grows thicker in combined fouled 




Figure 4.10 A comparison of carbon to oxygen ratio at 0 bar. 
Since the calcium is present in both gypsum (Eq. 4.2) and Ca‒Alginate complex (Eq. 
4.3), the corresponding calcium percentages in Figure 4.11 show clearer differences 




2 CaSOSOCa                  (4.2)
ComplexinateACa  lg2               (4.3) 
On the clean (Figure 4.11a) and alginate fouled PES surfaces (Figure 4.11b and c), no 
calcium elements can be detected. In contrast, calcium elements appear on the scaled 
membranes via gypsum particles. However, the atomic percentage of calcium is very 
low due to a low level of gypsum scaling on both the membrane surface (Figure 4.11d) 
and the inner support layer (Figure 4.11e) at 0 bar. Consistent with our hypothesis, the 
calcium element is almost undetectable on the surface (Figure 4.11f) and in the inner 
support layer (Figure 4.11g) for scaling PRO experiments at 8 bar. This trend 





































(b) Outer surface of alginate fouling at 0 bar




(a) Pristine PES membrane
(d) Outer surface of scaling at 0 bar




Figure 4.11 SEM‒EDX analysis: Pristine PES membrane, alginate fouling at 0 bar, and scaling at 0 bar 
and 8 bar. 
In contrast, the percentage of calcium in the scalants conditioning then alginate fouled 
membrane is the highest; this may be because a large amount of gypsum crystals have 
been embedded into the alginate gel (Figure 4.12). Four types of surface morphology 
can be observed from the scalants conditioning then alginate fouled membrane. They 
are (1) white aggregate (Figure 4.12a), (2) snowflake‒like structure (Figure 4.12b), (3) 













(g) Inner layer of scaling at 8 bar









































Figure 4.12 SEM‒EDX analyses of fouling layer structures in the scalants conditioning then alginate 
fouling: (a) white aggregate, (b) snowflake‒like structure, (c) leafy structure, (d) smooth fouling layer, 
(e) inner layer and (f‒g) fouling layers from in alginate conditioning then scalants fouling. All 
experiments are conducted at 0 bar. 
Based on EDX, the white aggregate (Figure 4.12a) has the highest calcium atomic 
percentage of 50.02 % and lowest carbon percentage, so its major component could 
be gypsum (CaSO4·2H2O) crystals. The other three types also consist of high calcium 
atomic percentages, i.e., 22.66 %, 28.92 % and 27.03 % on the snowflake‒like, leafy 
and smooth structure, respectively. The high content of calcium proves the 
co‒existence of gypsum and alginate in the fouling layer of the scalants conditioning 
and then alginate fouled membrane.  
On the alginate conditioning and then scalants fouled membrane, the alginate gel 
bridged by calcium ions may contribute to a moderate calcium percentage. The 
fouling layer (Figure 4.12g) only has a calcium percentage of 4.48 % due to the 























































Figure 4.13 SEM‒EDX analyses: scalants then alginate fouling and alginate then scalants fouling at 8 
bar and 18 bar. 
Similarly, an absence of the leafy structure of fouling layer is observed due to the lack 
of gypsum crystals on the membrane surfaces under high hydraulic pressures (Figure 
4.13). The percentage of calcium is much lower than scalants conditioning then 
alginate fouling at 0 bar, but is comparable with alginate conditioning then scalants 
fouling at 0 bar. The presence of calcium may be mainly attributed to the calcium 



















(f) Inner layer of scalants then alginate fouling under 18 bar
(g) Outer surface of alginate then scalants fouling under 18 bar
(h) Inner layer of alginate then scalants fouling under 18 bar
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In summary, the scalants conditioning and then alginate fouled membrane contains 
abundant calcium because gypsum‒alginate may be co‒generated for tests at 0 bar. In 
contrast, gypsum is not observed on the alginate conditioning and then scalants fouled 
membrane because calcium ions have been adsorbed on the carboxyl functional group 
of alginate for tests at 0 bar. Under high hydraulic pressures, a low percentage of 
calcium is attributed to the inhibition of gypsum formation by the high reverse salt 
flux. 
4.3.7 Understanding the Interactions between Foulants and Fouling Layer 
The mechanisms of combined fouling on PES membranes are schematically 
illustrated in Figure 4.14. As for the scalants conditioning and then alginate fouled 
membrane, as shown in Figure 4.14a (1), the calcium ions could adsorb onto the PES 
surface and modify its surface chemistry. Because the zeta potential of PES is 
negative at neutral pH, the negative charged surface can attract the positive calcium 
ions [178]. The added alginate is then attracted onto the modified surface and forms 
the alginate gel. As elucidated in Figure 4.14a (2), the alginate macromolecules may 
provide active nucleation sites for gypsum crystallization, while the newly formed 
gypsum crystals also affect the growth of alginate gel. Thus, a special leafy fouling 




Figure 4.14 Illustration of fouling mechanisms at 0 bar. (a) Scalants conditioning then alginate fouling: 
(1) alginate gelation on the calcium conditioned surface and (2) gypsum nucleation with alginate 
molecules; (b) alginate conditioning then scalants fouling: (1) calcium binding on the alginate 
conditioned surface and (2) sodium induced concentration polarization layer due to a high reverse salt 
flux. 
 
Figure 4.15 Illustration of fouling mechanisms at 18 bar. (a) Scalants conditioning then alginate fouling: 
(1) alginate gelation on the calcium conditioned surface and (2) sodium induced concentration 
polarization layer; (b) alginate conditioning then scalants fouling: (1) calcium binding on the alginate 
conditioned surface and (2) sodium induced concentration polarization layer due to a high reverse salt 
flux. 
In the alginate conditioning and then scalants fouled membrane, the alginate 
conditioning implants carboxyl groups onto the PES surface, thus the calcium can 
readily combine with alginate (Figure 4.14b (1)). Moreover, the sodium ions from the 





























































concentration polarization layer (Figure 4.14b (2)). This layer could lead to a 
substantial flux decline and also attract the alginate molecules. 
Under a high test pressure, the dominant fouling mechanism becomes alginate 
gelation in scalants conditioning then alginate fouling and alginate conditioning then 
scaling experiments. Gypsum scaling is inhibited due to the high reverse salt flux 
under high pressures. As shown in Figure 4.15a, the alginate gelation is enhanced by 
(1) adsorbed calcium ions on the PES surface and by (2) reverse salt flux in the 
scalants conditioning and then alginate fouled membrane. In contrast, in the alginate 
conditioning and then scaling experiments (Figure 4.15b), the carboxyl groups of 
adsorbed alginate attracts (1) calcium ions to form a compact calcium bridged gel and 
(2) sodium ions to form a salt concentration polarization layer. Since the salt 
concentration polarization layer is enhanced with an increase in reverse salt flux, the 
rate of flux decline is the fastest when the reverse salt flux is the highest at 18 bar. 
4.4 Conclusion 
The significant alginate fouling was observed under the ultrahigh hydraulic pressures, 
whereas the gypsum scaling was inhibited. The inorganic fouling by gypsum, organic 
fouling by alginate and the combined fouling of PRO membranes were investigated at 
various pressures. Analyses of flux decline indicated that the reverse salt flux resulted 
in a faster rate of alginate fouling but a limited gypsum scaling. Combined fouling 
was severe with the co‒existence of gypsum crystals and alginate at 0 bar. It could be 
enhanced by a high reverse salt flux at 18 bar because the reverse sodium ions 
induced significant concentration polarization near the membrane surface and calcium 
ions bridged alginate gelation. 
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SEM images and EDX analyses showed the co‒existence of a leafy alginate gel and 
gypsum crystals for scalants conditioned fouling at 0 bar. In contrast, the alginate 
conditioned fouling led to a layer by layer alginate gel without gypsum crystals. Since 
(1) gypsum scaling was observed at 0 bar but was almost unnoticed at 8 bar and 18 
bar, and (2) alginate fouling was the lowest at 0 bar but increased with an increase in 
hydraulic pressure because of the increased reverse salt flux, one may conclude that 
alginate fouling is the dominant fouling mechanism for both (1) alginate conditioning 
and then scalants fouling and (2) scalants conditioning then alginate fouling 
experiments at high pressure PRO tests. Therefore, the removal of alginate type 
foulants from the feed water stream may become essential for the success of PRO 




Chapter 5. Salt Effects on the Membrane Fouling 
In chapters 3 and 4, we have investigated the inorganic and organic fouling in FO and 
PRO processes. Interestingly, we have observed that the extent of membrane fouling 
varied with the degree of salt leakage. 
An ideal semi‒permeable membrane only allows water passage but rejects all other 
solutes. However, a real membrane cannot completely reject solutes of smaller 
molecular weights such as NaCl. The salt may diffuse back into the feed solution 
which leads to the (1) reduction of the driving force, (2) contamination of the feed 
solution and (3) enhancement or mitigation of membrane fouling. Therefore, in 
chapter 5, we further explored the salt effects on both inorganic fouling and organic 
fouling in engineering osmosis processes. 
5.1 Motivation 
To study the salt‒induced fouling phenomena, there is a major difference in 
methodologies between the osmotically driven and pressure driven processes [49, 
179-181]. One would adjust the electrolyte concentration or ionic strength of the bulk 
feed solutions for pressure driven processes and examine the extent of membrane 
fouling [179, 180]. However, in the osmotically driven processes, one could adjust the 
draw solution concentration to change the reverse flux of electrolytes that diffuse 
from the draw solution back to the feed solution via chemical potential gradient. 
Fouling mechanisms, such as pore blockage [181] and cake layer formation, have 
been extensively studied in pressure driven processes. This chapter investigated 
fouling in osmotically driven processes, because the impact of the reverse flux of 
electrolytes could be significant via electrolyte–foulant interactions. 
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In FO processes, fouling occurs predominately on the feed side under the FO mode 
where the membrane selective layer faces the feed solution [49]. In contrast, fouling is 
much more severe on the support layer under the PRO mode because the porous 
support layer faces the source water. This configuration can easily trap foulants due to 
the lack of shear flow within the support layer. 
In PRO processes for osmotic power generation, a high pressure develops on the draw 
solution side of the membrane. Not only does this high pressure change the osmotic 
gradient across the membrane but it also affects membrane microstructure and 
increases the reverse salt flux. As a consequence, the evolution mechanisms of fouling 
under typical no‒pressure FO and pressurized PRO modes may be distinctly unalike 
and worthy of study. 
A few studies have stated that the reverse flux of salts magnified the membrane 
fouling [38, 152, 154, 182], but the effects of salts on fouling are influenced by the 
effects of permeate flux in osmotically driven processes. In this work, these two 
factors were analyzed independently. Basically, the permeate fluxes were kept the 
same for the examined membranes, while we varied the reverse salt fluxes. Two types 
of new membranes were therefore specially designed to verify the salt effects. They 
are as‒spun and annealed polybenzimidazole (PBI)–polyhedral oligomeric 
silsesquioxane (POSS)/polyacrylonitrile (PAN) nanofiltration hollow fiber 
membranes. 
Two common types of fouling were studied, i.e., inorganic fouling (gypsum scaling) 
in FO processes and organic fouling (alginate fouling) in both FO and PRO processes. 
Inorganic fouling is often induced by mineral salt precursors such as carbonates and 
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sulfates, while organic fouling is caused by organic matters in water and the secretion 
by microorganisms such as polysaccharide and protein. Gypsum scaling is common in 
inland brackish water and agricultural drainage water [49, 183] which contains high 
levels of calcium and sulfate ions. In contrast, alginate fouling usually occurs in 
seawater, surface waters and biologically treated effluents [164, 184-186]. 
Different from most fouling studies based on flat sheet membranes, this work will 
investigated fouling in hollow fiber membranes. Therefore, this study may provide 
useful insights on the fouling mechanisms from hollow fiber perspectives for 
engineering osmotic processes. 
5.2 Materials and Methods 
5.2.1 Membrane Materials and Characterizations 
The membrane materials chosen were as‒spun and annealed dual layer 
PBI‒POSS/PAN nanofiltration hollow fiber membranes. POSS particles were added 
into the PBI outer selective layer while PAN acted as the inner support layer. The 
fabrication of these hollow fiber membranes has been reported by Fu et al. [144] 
originally for osmotic power generation. Annealing of as‒spun membranes was 
conducted in a hot water bath at 95 C for 3 min. 
The pure water permeability, salt rejection, molecular weight cut‒off (MWCO) of the 
two different types of PBI‒POSS/PAN membranes were examined independently 
using methods reported in section 2.1. All nanofiltration experiments were conducted 
at a transmembrane pressure of 1 bar and room temperature of 24 
o
C ± 2 
o
C. By using 
the FO set‒up as shown in Figure 2.1, feed solution, deionized (DI) water, was 
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circulated on the shell side of the membrane modules. The permeate was collected on 
the lumen side and analyzed using Eq. (2.2).  
MgCl2 (1000 mg/L) and NaCl (1000 mg/L) were then circulated as feed solutions 
independently on the shell side while the permeate was collected from the lumen side 
of the membrane module. The concentrations of MgCl2 and NaCl in the feed solution 
and the collected permeate were determined using a calibrated conductivity meter 
(Lab 960, Schott). The salt rejection was calculated from Eq. (2.8). 
Four solutes at 200 mg/L in water; namely, glucose, sucrose, raffinose and 
α‒cyclodextrin from Sigma‒Aldrich were circulated on the shell side of membrane 
modules. The collected permeate was analyzed by a total organic carbon analyzer 
(TOC ASI‒5000A, Shimazu, Japan) and used to determine the mean pore size of the 
membranes as described in section 2. 
In short, a linear correlation of rejections (R, %) against the solute Stokes radius (rs, 
nm) was obtained through Eq. (5.1). 
srbaR ln                  (5.1) 
where R was the solute rejection, a and b were the linear correlation parameters, and rs 
was the solute Stokes radius. The probability density function against the pore radius 



























          (5.2) 
where R(rp) was the rejection of solutes, rp was the pore radius, μp was the solute 
radius with 50 % rejection, σp was the deviation ratio of r84/μp with r84 as 84.13 % 
rejection. The plot of Eq. (5.2) was presented as Figure 5.1 and discussed later. 
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A Scanning Electron Microscope in combination with Energy Dispersive X‒ray 
spectroscopy (SEM/EDX) was used to investigate the surface fouling. The SEM 
(JSM‒5600LV, JEOL) was used to examine the distribution of foulants on the 
membrane surface, while the EDX (INCA x‒act, OXFORD INSTRUMENTS) 
allowed the detection of elements present on the sample surface. 
5.2.2 Inorganic Foulants and Organic Foulants 
Gypsum (CaSO4∙2H2O) was chosen as the inorganic foulant. Calcium chloride (1 M, 
Riedel‒de Haën chemicals) and sodium sulfate (0.5 M, Sigma‒Aldrich) were 
prepared respectively in deionized (DI) water and stored in glass bottles at room 
temperature. In addition, a saturated gypsum solution was prepared by dissolving 10 g 
of calcium sulfate dihydrate powder (Sigma‒Aldrich) into 500 ml DI water. 
Supernatant of the saturated CaSO4 solution (3 ml) was taken and dispersed on petri 
dishes followed by the addition of 0.1 ml of a 1000 mg/L MgCl2 solution and a 4 M 
MgCl2 solution onto the petri dish. The morphology of CaSO4∙2H2O crystals in the 
presence of DI water and in various MgCl2 was observed under the microscope 
(Olympus, SZX15, LG‒PS2). 
Alginate (Sigma‒Aldrich) in its powder form was used as the organic foulant to 
represent common polysaccharides. A 10 g/L alginate stock solution in water was 
prepared by magnetic stirring for 24 h to ensure a complete dissolution of the alginate 






5.2.3 Inorganic Fouling Experiments  
The FO performance was first tested using 2 L DI water and 2 M MgCl2 in order to 
compare the differences in initial flux and reverse salt flux between the as‒spun and 
annealed membranes. The conductivity of the feed solution was measured by a 
conductivity meter (Lab 960, Schott) to determine the reverse salt flux. 
Concentrations of MgCl2 were then adjusted until the as‒spun and annealed 
membranes reached the same initial flux. In this way, the effects of reverse salt fluxes 
on fouling could be studied while the other factors remained constant. 
Before the gypsum fouling experiments, a baseline experiment was carried out with 2 
L feed solutions and 2 L draw solutions. A solution consisting of 70 mM MgCl2, 40 
mM Na2SO4, and 38 mM NaCl at a pH value of 10 was used as the feed solution. The 
MgCl2 component was added into the feed solution just at the beginning of each test 
to avoid likely formation of Mg(OH)2 during the preparation. No CaCl2 was added 
into the feed solution during the baseline experiments so that any CaCl2 contribution 
to permeate flux can be noticed when comparing fluxes between the scaling and 
baseline experiments. The concentration of the draw solution, MgCl2 was adjusted 
until the initial permeate flux reached 8.5 L/(m
2∙h) because this flux can be achieved 
by both as‒spun and annealed PBI‒POSS/PAN membranes. Membranes were tested 
in the FO mode, where the feed solution faced the selective layer and the draw 
solution was circulated on the porous support layer. The experiment duration was 10 
h. 
Brand new hollow fiber modules were used for the fouling tests. The system was first 
stabilized by introducing DI water as the feed and MgCl2 as the draw for 30 min. The 
concentration of MgCl2 was identical to that used for the baseline experiments so as to 
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achieve a similar initial flux of 8.5 L/(m
2∙h). The scaling solution consisted of 70 mM 
CaCl2, 40 mM Na2SO4, and 38 mM NaCl with a pH value of 10, which was chosen 
because gypsum scaling on PBI membranes can be accelerated [27]. Thus, the effects 
of reverse salt flux on scaling could be obvious. The feed solution was used for 
carrying out the gypsum fouling experiment for 10 h. 
5.2.4 Organic Fouling in FO and PRO Processes 
Alginate fouling on the PBI selective layer was not significant in the FO processes. 
Fouling on the support layer was investigated instead. The porous support layer can 
easily capture foulants due to the lack of shear force within the porous structure. 
Moreover, studying fouling in porous structures allows us to understand fouling 
phenomena in the PRO processes because source water directly contacts the porous 
support layer during the osmotic power generation. 
Similar to the gypsum scaling experiment, an alginate fouling baseline experiment 
was first conducted using 2 L DI water and 2 L NaCl. Instead of MgCl2, NaCl 
solutions were used to mimic the real situation in osmotic power generation. The 
concentration of NaCl was adjusted to obtain the same initial flux (i.e., 17 L/(m
2∙h)) 
so that the contributions of reverse salt flux to permeate flux can be fairly compared 
between the as‒spun and annealed membranes. The permeate was collected until it 
reached a volume of 400 ml.  
For fouling tests under the no‒pressure PRO mode, a similar draw solute 
concentration was used for baseline experiments so that both fouling and baseline 
experiments have the same initial fluxes (i.e., 17 L/(m
2∙h)). Before each test, 30 min 
stabilization was carried out using DI water as the feed solution and NaCl as the draw 
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solution. After stabilization, the alginate stock solution was added into the DI water to 
get a concentration of 500 mg/L alginate solution. Each fouling experiment was 
allowed to run until 400 ml of permeate was collected.  
To study the fouling under the pressurized PRO mode, the PBI‒POSS/PAN 
membrane was first pre‒compressed at 4 bar with DI water for 1 h. Then the draw 
solution on the shell side was operated at either 0 or 3 bar during the fouling and PRO 
tests. A low pressure was chosen to avoid the compression of hollow fibers 
membranes and alter their transport properties. A comparison of membrane fouling 
behaviors (1) for membranes with and without pre‒compression as well as (2) for 
membranes under no‒pressure and pressurized PRO modes was studied. 
5.3 Results and Discussion 
5.3.1 Membrane Characterizations 
Figure 5.1 presents the pore size distributions of the as‒spun and annealed 
PBI‒POSS/PAN membranes. The peak of the annealed membranes exhibits a shift to 
the left, indicating a decrease in the mean pore size during the heat annealing process. 
The broadness of the peak is comparable between the as‒spun and the annealed 
membranes. The mean pore radii are 0.43 nm and 0.20 nm, for as‒spun and annealed 
nanofiltration membranes, respectively, while their corresponding MWCO are 
calculated to be 3700 Da and 700 Da, respectively. Annealing is an effective method 




Figure 5.1 Pore size distribution density curves of PBI‒POSS/PAN membranes with and without 
thermal annealing. 
Table 5.1 Dimensions of as‒spun and annealed PBI‒POSS/PAN membranes. 
Membranes Outer diameter (µm) Inner diameter (µm) Wall thickness (µm) 
As‒spun membranes 1045.4 ± 14.5 635.1 ± 17.4 205.2 ± 11.3 
Annealed membranes 1004.8 ± 5.44 559.1 ± 4.7 222.9 ± 1.3 
Table 5.1 illustrates the respective diameter and wall thickness of both the as‒spun 
and annealed membranes. The as‒spun membranes have a larger inner diameter 
(635.1 ± 17.4 µm) and outer diameter (1045.4 ± 14.5 µm), whereas the annealed 
membranes have a smaller inner diameter (559.1 ± 4.7 µm) and outer diameter 
(1004.8 ± 5.44 µm). The thicknesses of the as‒spun and annealed membranes are 
205.2 ± 11.3 µm and 222.9 ± 1.3 µm respectively. 
As shown in Table 5.2, the water permeability of annealed membranes is lower than 
that of the as‒spun membranes (0.85 ± 0.1 L/(m2∙bar∙h) vs. 3.2 ± 0.1 L/(m2∙bar∙h)). 
However, a reverse trend is observed for the salt rejection. For instance, the NaCl 
rejections are 27.8 ± 0.8 % and 45.8 ± 0.7 % for the as‒spun and annealed membranes 
respectively. Consistent with pore size distributions, annealing plays an important role 






































Table 5.2 Mean pore radius, molecular weight cut‒off (MWCO), pure water permeability (A), and salt 

















0.43 3742 3.2 ± 0.2 76.0 ± 0.3 27.8 ± 0.8 
Annealed 
PBI‒POSS/PAN 
0.20 699 0.85 ± 0.1 77.1 ± 0.9 45.8 ± 0.7 
 
5.3.2 Membrane Performances 
Table 5.3 compares the water fluxes (Jw) and the reverse salt fluxes (Js) of these 
membranes using NaCl and MgCl2 as the draw solutes under various modes. As 
shown in Table 5.3a, under the FO mode with 2 M MgCl2 as the draw solution, the 
as‒spun membranes exhibit a higher flux (17.7 ± 0.9 L/(m2∙h)) than that of the 
annealed ones (12.7 ± 0.6 L/(m
2∙h)) while their Js follows the opposite trend. The Js 
values are 27.6 ± 1.4 g/(m
2∙h) for the as‒spun membranes and 8.8 ± 0.4 g/(m2∙h) for 
the annealed membranes, respectively. With a lower Jw/Js ratio, the annealed 
membranes are superior to the as‒spun ones in terms of draw solute loss. Since both 
membranes have different initial fluxes and fluxes affect fouling, the 2 M MgCl2 
solution was further diluted in subsequent studies of inorganic fouling so that both 
membranes have a comparable initial flux of 8.5 ± 0.2 L/(m
2∙h) for a meaningful 
comparison of their fouling data.  
As shown in Table 5.3b, similarly, the Jw values of the as‒spun and annealed 
membranes are adjusted to 17.2 ± 0.1 L/(m
2∙h) and 17.4 ± 0.2 L/(m2∙h) respectively 
by varying the NaCl concentration under the PRO mode. Resembling the MgCl2 case, 
The Js of the as‒spun membranes is much higher than that of the annealed ones (492.5 
± 10.1 vs. 88.7 ± 4.4 g/(m
2∙h)). However, the reverse NaCl fluxes are much higher 
than the reverse MgCl2 fluxes because NaCl has a much smaller diameter than MgCl2. 
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Table 5.3 A performance comparison of as‒spun and annealed PBI‒POSS/PAN membranes under 














3a: under the FO mode 
1. As‒spun 
PBI‒POSS/PAN 
FO FO mode 
2 M 
MgCl2 
17.7 ± 0.9 27.6 ± 1.4 1.6 
2. Annealed 
PBI‒POSS/PAN 
FO FO mode 
2 M 
MgCl2 
12.7 ± 0.6 8.8 ± 0.4 0.7 
















17.4 ± 0.2 88.7 ± 4.4 5.1 











13.3 ± 0.2 87.8 ± 8.8 6.6 
 
Table 5.3c also shows the effect of pressure under the PRO mode on membrane 
performance. The Jw value is reduced from 13.7 ± 0.2 to 13.3 ± 0.2 L/(m
2∙h) while the Js 
value is increased from 72.8 ± 0.4 vs. 87.8 ± 8.8 g/(m
2∙h) when increasing the pressure 
from 0 to 3 bar. As a result, it leads to a higher Js/Jw ratio of 6.6 g/L. 
5.3.3 Salt Effects on Inorganic Fouling 
Figure 5.2 presents the baseline experiments and inorganic fouling on the fabricated 
hollow fiber membranes under the FO mode. The baseline experiments were all 
conducted under the same conditions, such as a similar permeate flux of 8.5 L/(m
2∙h), 
the same ionic strength of the feed solutions, and the same pH value. The dilution 
effects for the as‒spun and annealed membranes can be examined. The water fluxes 
decrease as a function of time in the baseline experiments because of dilution effects 
of draw solutes and possible Mg(OH)2 formation at high pH values. Although 
gypsums (CaSO4∙2H2O) can be formed in the bulk feed solutions because the solution 
is supersaturated, the flux declines due to gypsum scaling on both membrane surfaces 
diverge remarkably from each other. As shown in Figure 5.2, a large flux reduction of 
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about 70 % is observed on the annealed membranes. In contrast, a slight flux 
reduction of 6 % is observed on the as‒spun membranes. The final difference in 
normalized flux between the scaled as‒spun and annealed membranes is as high as 
60 %. 
 
Figure 5.2 Baseline experiments and gypsum scaling on the as‒spun and the annealed PBI‒POSS/PAN 
membranes under the FO mode for inorganic fouling studies. The baseline solution (shell side, PBI 
layer): 70 mM MgCl2, 38 mM Na2SO4, 40 mM NaCl. The scaling solution (shell side, PBI layer): 70 
mM CaCl2, 38 mM Na2SO4, 40 mM NaCl. The draw solution (lumen side, PAN layer): MgCl2. With 
the same initial flux 8.5 ± 0.2 L/(m2∙h), at pH 10 and 24 ± 1 °C, and a crossflow velocity of 23 cm/s 
(Re = 2496). 
The proposed mechanisms of MgCl2 effects on gypsum scaling are described in 
Figure 5.3. The gypsum nuclei are firstly formed in the bulk solution and then migrate 
towards the negatively charged PBI layer. Since PBI displays negative charges at high 
pH values [46], while calcium ions of the gypsum nuclei possess positive charges. 
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Figure 5.3 The proposed mechanisms of MgCl2 effects on gypsum scaling under the FO mode: (a) 
diffusion of magnesium ions through the PBI selective layer; (b) competition between calcium and 
magnesium ions with SO4
2‒; (c) formation of the MgSO4° complex. 
As shown in Figure 5.3a, a small amount of magnesium ions may diffuse through the 
PBI layer and attack the gypsum nuclei as the PBI layer cannot fully reject the 
magnesium ions, which is proven by its reverse salt flux of 27.6 ± 1.4 g/(m
2∙h). The 
presence of magnesium ions may affect the extent of scaling on the membrane 
surfaces. Since magnesium ions may form the MgSO4° complex with sulfate ions [77, 
136], competition occurs between calcium and magnesium ions to form either gypsum 
nuclei or MgSO4° complex, as illustrated in Figure 5.3b. On the annealed membranes, 
the reverse MgCl2 flux is low, thus the number of gypsum incipient nuclei is still 
sufficient to induce the gypsum crystallization on the membrane surfaces. In contrast, 
the reverse MgCl2 flux is much higher on the as‒spun membranes (Figure 5.3c), the 
loss of gypsum incipient nuclei due to the formation of MgSO4° leads to negligible 








































higher solubility of 26 mM/L in 50 mM MgCl2 than that of 15 mM/L in DI water 
[157]. 
 
Figure 5.4 The morphology of gypsum crystals in 5 ml supernant of saturated CaSO4 solutions, with 
the addition of 0.1 ml of (a) DI water; (b) 1000 mg/L MgCl2; (c) 4 M MgCl2. 
The apparent induction time for crystallization (i.e., the time that the crystals appear) 
can be determined using a microscope (Figure 5.4). The crystallization takes place 
much faster in DI water than in MgCl2 solutions (about 1 day). The addition of MgCl2 
to the gypsum tends to delay the crystallization process. For instance, a 4 M MgCl2 
solution, it takes more than 1 month to harvest gypsum crystals. 
5.3.4 Salt Effects on Organic Fouling 
Figure 5.5 shows the baseline experiments under the no‒pressure PRO mode. The 
final normalized flux of the annealed membranes is 40 % higher than of the as‒spun 
membranes. This is due to the fact that the former has a much lower reverse NaCl flux 
than that of the latter (88.7 ± 4.4 g/(m
2∙h) vs. 492.5 ± 10.1 g/(m2∙h)). Under combined 
effects of draw solution dilution and salt induced fouling, the final normalized flux of 








Figure 5.5 Effects of NaCl on alginate fouling on PBI/PAN‒POSS membranes with and without 
thermal annealing under the no‒pressure PRO mode. The baseline solution (shell side, PBI layer): DI 
water. The organic fouling solution (lumen side, PAN layer): 500 mg/L sodium alginate. The draw 
solution (shell side, PBI layer): NaCl. With the same initial flux of about 17 ± 0.5 L/(m2∙h) at 24 ± 1 oC 
with a crossflow velocity of  23 cm/s (Re = 2496). Membranes are not pre‒compressed. 
  
Figure 5.6 The proposed mechanisms of NaCl influence on alginate fouling: (a) diffusion of sodium 
ions; (b) formation of the alginate gel and sodium induced concentration polarization layer; (c) 
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Figure 5.7 Building blocks of alginate are (a) β‒D‒mannuronic acid (M block), (b) α‒L‒guluronic acid 
(G block). GG blocks can form (c) egg model with the presence of sodium ions. 
Figure 5.6 proposes the alginate fouling mechanisms under the influence of sodium 
ions. In Figure 5.6a, sodium ions diffuse through the PBI layer and enter the porous 
support layer. As soon as alginate is added into the feed solution, the alginate is 
driven by the permeate drag through the porous PAN support towards the interface of 
PBI and PAN layer and stuck in the inner porous structure. As elucidated in Figure 
5.6b, the sodium ions would be trapped inside the alginate deposit layer and form a 
concentration polarization layer due to a high reverse salt flux. Moreover, sodium ions 
would also facilitate alginate gelation. Since alginate is composed of blocks of 
guluronic acid (G) and mannuronic acid (M) (Figure 5.7a and 5.7b), the GG blocks 
tend to bind with cations through the sequestration formation. An egg box model has 
been proposed to describe the sequestration structure as illustrated in Figure 5.7c [83, 
187]. The carboxyl groups in G block could bind sodium ions through ionic 
interactions and stabilize the alginate gel structure (Figure 5.7c). As a result, the 
alginate fouling tends to reach a maximum if all G blocks are saturated with sodium 
ions. The availability of G blocks in alginate is defined by the natural structure of 
alginate. After the saturation concentration, any increase in sodium ion concentration 
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sodium ions is much weaker than divalent ions. Thus, these may be the reasons that 
the as‒spun fibers have a higher loss of normalized flux due to alginate fouling than 
the annealed fibers but their difference is rather small. 
 
Figure 5.8 SEM images of the clean, as‒spun and annealed PBI‒POSS/PAN membranes: (a) the clean 
outer PBI surface; (b) the clean inner PAN surface; (c) the alginate fouled outer PBI surface; (d) the 
alginate fouled inner PAN surface; (e) the alginate fouled outer annealed PBI surface, and (f) the 
alginate fouled inner annealed PAN surface. 
Table 5.4 Energy‒dispersive X‒ray (EDX) analyses on the inner surfaces of clean membranes and 
fouled membranes. 













88.79 ± 1.11 11.21 ± 0.72 0.00 0.00 7.9:1 
Fouled as‒spun membranes 55.87 ± 3.56 40.0 ± 2.33 4.79 ± 1.18 0.33 ± 0.05 1.4:1 
Fouled annealed 
membranes 
88.32 ± 1.37 11.68 ± 1.56 0.00 0.00 7.6:1 
 
Figure 5.8 showed the SEM images of the PAN support layer of the clean and fouled 
as‒spun and annealed membranes. From the SEM images, obvious alginate fouling 
can be seen on the outer most surface of as‒spun membranes. The EDX analysis of 
the clean membranes shows a 7.9:1 carbon to oxygen ratio (Table 5.4). As for the 
as‒spun membranes, the atomic percentage of the carbon to oxygen ratio reduces to 
1.4:1. The remaining percentages are sodium (4.79 %) and chloride (0.33 %), 













respectively. Alginate fouling has taken place on the membrane surfaces. In contrast, 
the atomic ratio of carbon to oxygen on the outer most surface of alginate fouled 
annealed membranes is still as high as 7.6:1 without any detection of sodium or 
chloride, as shown in Table 5.4. A high ratio of carbon to oxygen and the lack of 
sodium infer negligible alginate fouling on the outer most surface of PAN. Therefore, 
the inner surface fouling may be the likely reason to explain the 70 % flux decline in 
Figure 5.5. 
5.3.5 The Comparison of Fouling in FO and PRO Processes 
The alginate fouling behaviors in FO processes for membranes with and without 
pre‒compression were compared. As shown in Table 5.3b and 5.3c, the initial flux 
decreases from 17.4 ± 0.2 to 13.7 ± 0.2 L/(m
2∙h) after pre‒compression of the hollow 
fibers, so does the reverse salt fluxes decrease from 88.7 ± 4.4 to 72.8 ± 0.4 g/(m
2∙h). 
 
Figure 5.9 Alginate fouling on annealed PBI‒POSS/PAN membranes at 0 bar with an initial flux of 
13.7 ± 0.2 L/(m2∙h) and a reverse salt leakage of 72.8 ± 0.4 g/(m2∙h); at a high pressure of 3 bar and an 
initial flux of 13.3 ± 0.2 L/(m2∙h) and reverse salt leakage of 87.8 ± 8.8 g/(m2∙h). The scaling solution: 
500 mg/L alginate; The draw solution: 1.60 M NaCl at 24 ± 1 oC with a crossflow velocity of 23 cm/s 
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A comparison between Figure 5.5 (without pre‒compression) and Figure 5.9 (with 
pre‒compression) indicates that the 20.7 % drop in initial flux from 17.4 ± 0.2 to 13.7 
± 0.2 L/(m
2∙h) results in a decrease of fouling propensity (i.e., normalized flux decline) 
on compressed annealed membranes from 71 % to 47 % at 570 min of fouling tests. 
Fouling on pre‒compressed membranes is less observed than that of the as‒spun 
membrane due to the lower initial flux. 
The effects of pressure on fouling under the PRO mode can be illustrated in Figure 
5.9. In the baselines tests, both as-spun (Figure 5.9a) and annealed (Figure 5.9b) 
hollow fibers exhibit a similar trend because they have been subjected to the same 
pre‒compression at 4 bar. However, fouling under the pressurized mode is slightly 
less than that under the no‒pressure mode (36 % vs. 40 % flux reduction). This 
interesting phenomenon is mainly due to the fact that the pressurized mode at 3 bar 
has a lower flux than that under the no‒pressure mode (13.3 ± 0.2 vs. 13.7 ± 0.2 
L/(m
2∙h)), because of a lower effective osmotic gradient across the membranes. The 
reduction of permeate flux leads to less alginate fouling on membranes. Although the 
reverse salt flux increases due to the increasing pressure which could enhance fouling 
as shown in section 5.3.4, the simultaneous decrease in permeate flux seems to 
alleviate fouling. As a result, the pressurized mode has a less fouling propensity. 
5.4 Conclusion 
The effects of reverse salts flux on gypsum scaling and alginate fouling on the 
PBI‒POSS/PAN hollow fiber membranes under FO, PRO and/or pressurized PRO 
mode were studied. The initial permeate fluxes were well controlled on the newly 
developed membranes. As illustrated, the reverse salt flux was found to assist in the 
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inhibition of gypsum scaling. Moreover, no sign of scaling was observed on the 
as‒spun membrane surfaces due to a higher reverse salt flux. In contrast, in organic 
fouling, the increase in NaCl leakage resulted in a slight enhancement alginate fouling. 
The initial flux plays a vital role in fouling. A high initial flux would increase the 
extent of fouling and the rate of fouling. In addition, the effects of initial flux are more 
significant than the reverse salt flux in pressurized PRO processes. Since the initial 
flux reduces much faster than the increment of reverse salt flux, membranes used in 





Chapter 6. Fouling and Fouling Control of RO Retentate 
6.1 Motivation 
Pressure retarded osmosis (PRO) is a process to harness the energy from the mixing 
of solutions with different chemical potentials [3, 23, 24, 188-191]. Several high 
performance inner‒ and outer‒selective PRO membranes have been developed by 
means of phase inversion and thin film composite (TFC) approaches [27, 31, 34, 192, 
193]. However, membrane fouling is still one of the major challenges in PRO 
processes because the porous support layer of membranes is prone to fouling [36-38, 
41]. On one hand, membrane fouling reduces the osmotic power production in PRO 
processes due to the flux reduction. On the other hand, there are extra costs induced 
by fouling such as production losses during cleaning as well as costs associated with 
cleaning chemicals and equipment. Therefore, there is an imperative need to control 
and minimize membrane fouling [3, 35, 46-48, 194-196]. 
Because membrane fouling in the current sea–river water PRO process is high [39, 
197, 198], a cleaner feed solution facing the support layer must be considered. In 
water cycling plants of Singapore, the RO retentate is the effluent from water cycling 
plants treated via microfiltration (MF) or ultrafiltration (UF) processes but rejected by 
reverse osmosis processes (RO). Therefore, the RO retentate from a water cycling 
plant mainly consist of dissolved salts and organic molecules [198, 199] and its 
fouling propensity could be much lower than river water. The RO retentate may have 
an economic value as a feed for osmotic power generation from a reuse perspective. 
Although there are several studies on fouling and fouling control in PRO processes 
[38, 39, 197], no studies have been done on RO retentate using the state–of–the–art 
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high performance thin film composite polyethersulfone (referred to as TFC/PES) 
hollow fiber membranes [34, 36, 198] at a high operating pressure of 20 bar. In this 
study, the feasibility of using RO retentate as a feed for PRO processes was 
investigated by firstly examining its fouling propensity and then using various fouling 
control strategies to lower its fouling propensity. To mimic real PRO operations, a 
high operating pressure of 20 bar was applied to generate a high osmotic power 
density. Two fouling control strategies were evaluated, which were pH adjustment 
and ethylenediaminetetraacetic acid (EDTA) pretreatment [200]. The efficiency of 
physical cleaning was also tested using water flushing and air bubbling. This study 
may provide useful insights on fouling behaviour and strategies for fouling control 
when using effluents from water recycling plants as a feed for osmotic power 
generation. 
6.2 Materials and Methods 
6.2.1 Feed and Draw Solutions in PRO Processes 
RO retentate collected from water recycling plants was the feed and was stored at 
4 °C before use. The chemical compositions of simulated RO retentate were based on 
the water recycling plants. Previous works have shown the significant impacts of 
inorganic fouling on membranes (e.g., calcium and phosphate) [197, 201, 202], a 
simulated RO retentate containing only calcium, phosphate, and sulfate was therefore 
prepared. The characteristics of the RO retentate sample and the simulated RO 
retentate were summarized in Table 6.1, the main differences being the 
presence/absence of organic carbon and silicon. Conductivities and osmotic pressures 
were measured using a calibrated conductivity meter (Lab 960, Schott) and an 
osmometer (Model 3250 Osmometer, Advanced Instrument), respectively. The pH 
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values were tested using a pH meter (DS–51 HR4643, Horiba). The concentration of 
silicon was analyzed using inductively coupled plasma optical emission spectrometry 
(ICP–OES, Optima 7300DV, Perkin Elmer, USA). The concentrations of other 
components in RO retentate were reported by Wan and Chung [198]. The total 
organic carbon is about 44 mg/L. 
Table 6.1 Characterizations of original and simulated RO retentate. 
Analyte RO retentate Simulated RO retentate 
Conductivity, µs/cm 1569.0 ± 5.5 1569.0 ± 0.1 
Osmotic pressure, bar 0.363 ± 0.001 0.363 ± 0.001 
pH 7.2 ± 0.3 7.0 ± 0.1 
Notes: The values tested in this study are listed in Table 6.1. The others have been reported by Wan 
and Chung [198]. 
The simulated RO retentate was prepared using 1.82 mM calcium chloride (CaCl2, ≥ 
93.0 %, Sigma–Aldrich), 0.48 mM disodiumhydrophosphate (Na2HPO4, ≥ 99.0 %, 
GCE), and 2.64 mM sodium sulfate (Na2SO4, > 99 %, Sigma–Aldrich). Magnesium 
ion concentration was set to zero in the simulated RO retentate, because they may 
affect the interactions between calcium ions and sulfate or phosphate ions. The 
conductivity of the simulated RO retentate was increased to 1569 µS/cm by adding 
sodium chloride (NaCl, 99.5 %, Merck) until its conductivity was equal to that of the 
RO retentate. As a result, the osmotic pressures were comparable between the 
simulated RO retentate and the original one. The pH values were adjusted by 1 M 
sodium hydroxide (NaOH, ≥ 96 %, Sigma–Aldrich) and 1 M hydrochloric acid (HCl, 
Sigma–Aldrich).  
The draw solution was 1 M NaCl dissolved in deionized (DI) water obtained from a 
Milli–Q ultrapure water purification system (18.3 MΩ cm, Millipore). 
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6.2.2 Fabrication of Thin Film Composite Membranes 
The Radel® A polyethersulfone (PES, Solvay Advanced Polymer, L.L.C., GA) was 
used to fabricate the hollow fiber support. M–phenylenediamine (MPD, > 99 %, 
Tokyo Chemical Industry Co. Ltd.), 1,3,5–benzenetricarboxylic acid chloride (TMC, 
98 %, Sigma–Aldrich), sodium dodecyl sulphate (SDS, > 98.5 %, Sigma–Aldrich) 
and hexane (> 95 %, J. T. Baker®) were employed to synthesize a thin polyamide 
layer on the lumen side of the PES fibers through interfacial polymerization. 
The spinning parameters for the PES support have been published elsewhere [198]. 
The as–spun hollow fibers were then soaked in tap water to remove residual solvents 
for 2 days, followed by being immersed in a 50/50 wt% glycerol (Sigma 
Aldrich)/water solution for another 2 days. The fibers were air–dried for at least 1 
week. Three pieces of fibers were bundled into a perfluoroalkoxy (PFA, Swagelok) 
tubing with an outer diameter of 1.27 cm and an inner diameter of 0.96 cm. The ends 
of the PFA tubing were sealed by an epoxy resin (Taiwan Kuo Sen EP231) to form a 
tubesheet. The epoxy was cured for 48 h and the membrane module was ready.  
The interfacial polymerization on the inner surface of PES support followed the same 
procedures as described previously [36]. A 2 wt% MPD aqueous solution with 0.1 wt% 
SDS was pumped into the lumen side of PES fibers using a Manostat® Carter 
precision pump. The flow rate was maintained at 4.25 ml/min for 3 min. The residual 
MPD was purged by air for 5 min using a compressed air gun. After the removal of 
MPD, a hexane solution with 0.15 wt% TMC was pumped into the lumen side. The 
flow rate was fixed at 2.50 ml/min for 5 min. The excessive TMC was purged by air 
for 30 s. The TFC/PES hollow fiber membranes were ready for PRO tests. 
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6.2.3 Bench–scale PRO Set–up 
The bench–scale PRO set–up was the same as described in Chen et al. [35]. A draw 
solution was pumped into the lumen side by a hydra–cell pump (Wanner Engineering, 
Inc.). The hydraulic pressure of the draw solution was maintained at 20 bar, and the 
crossflow velocity was set at 2.2 m/s (Re = 2400). A feed solution was circulated in 
the shell side by a Masterflex pump (Cole–Parmer). The crossflow velocity was set at 
11.6 cm/s in the shell side (Re = 1200). A counter–current flow mode was used to 
maintain a concentration gradient along fibers and led to an efficient process. The 
upright heating/refrigerated circulator (PolyScience Model 9106) was used to keep the 
membrane and contiguous solution at a constant temperature of 25 ± 1 °C. The feed 
solution was placed on a digital balance (AND EK–4100i) which continuously 
monitored and recorded the weight change using the software WinCT–Weight 
(RsWeight). 
6.2.4 Anti–fouling Strategies 
The anti–fouling experiments were conducted using feeds after either pH adjustment 
or pretreatment by the anti–scalant ethylenediaminetetraacetic acid (EDTA, ≥ 99 %, 
Sigma–Aldrich), independently. The pH value of RO retentate was adjusted by adding 
either 1 M HCl or 1 M NaOH. In contrast, 5 g/L EDTA was prepared in DI water and 
added dropwise into RO retentate to reduce the concentration of free calcium ions. 
The concentration of free calcium ions was monitored using a calcium ion–selective 
electrode connecting to LabQuest 2, which was a pH meter operated on mV scale. As 
shown in Figure 6.1, when 1.1 mM EDTA was added into RO retentate, the 
concentration of free calcium ions was reduced to 1.3 mg/L (Figure 6.1a). No 
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significant reduction of calcium was observed at the molar ratio above 1:2 for EDTA 
vs. calcium (Figure 6.1b). Thus, the dosage of EDTA was chosen at 1.1 mM. 
 
Figure 6.1 The concentration of free calcium ions in RO retentate vs. the EDTA concentration added. 
The solution has a pH value of 7.0. 
6.2.5 Power Generation using RO Retentate 
The TFC/PES fibers were washed by DI water for at least 1 day to thoroughly remove 
the residual glycerol. The flow rate of DI water was set at 0.1 L/min on both shell and 
lumen sides of hollow fibers. The pressure of DI water in the lumen side was 
increased gradually to 20 bar and stabilized for at least 1 h to condition the TFC/PES 
fibers. The hollow fibers were then ready for PRO tests. 





                   (6.1) 
where W was the power density in W/m
2
, Jw was the water flux calculated by the 
weight change of the feed solution in L/(m
2∙h), and ΔP was the hydraulic pressure 
difference across the membrane in bar. For easy comparison, a normalized flux 
(Jw/Jw
0
) was used to eliminate the minor variations among modules, which was 



































(Pre)treated or untreated RO retentate (1 L) and 1 M NaCl (2 L) were used as feed 
and draw solutions in the PRO tests, respectively. The retentate and 1 M NaCl were 
circulating in the shell and lumen sides with crossflow rates of 11.6 cm/s and 2.2 m/s 
and hydraulic pressures of 0 and 20 bar, respectively. The temperatures of both sides 
were kept at 25 ± 1 
o
C. The testing duration of each batch was 1000 min. Membrane 
cleaning was conducted by replacing the concentrated feed by DI water or air 
bubbling for 30 min. The diluted draw solution was still running on the lumen side at 
20 bar. The crossflow velocity in the shell side during DI water wash and air bubbling 
was increased to 23.3 cm/s (Re = 2500). During air bubbling, the coarse air bubbles 
were injected into DI water with the high crossflow velocity of 23.3 cm/s (Re = 2497). 
After each test‒cleaning cycle, fresh feed and draw solutions were employed for the 
next PRO test. For each type of the feed solutions; i.e., simulated, original and 
modified RO retentate; PRO runs were repeated 4 times to ensure data reproducibility. 






                  (6.2) 
where Jb and Ja were the initial fluxes of TFC/PES fibers before fouling and after 
cleaning, respectively. Jb and Ja were calculated by the weight changes of the feed 2 L 
DI water. The other conditions were the same as those during PRO tests. 







                   (6.3) 
where Jave was the average flux in L/(m
2∙h), ΔV was the total permeate volume, As 
was the effective area of the membrane surface, and t was the testing duration. The 
average power density was calculated via Eq. 6.1 using the value of Jave. 
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6.2.6 Analytical Methods 
The saturation index (SI) of solutions was calculated by Visual MINTEQ software 
[46-48]. The fouling on the membrane surface was analyzed by a Scanning Electron 
Microscope (JSM–5600LV, JEOL) in combination with Energy Dispersive X–ray 
spectroscopy (INCA x–act, Oxford Instruments) (SEM–EDX), a field emission 
scanning electron microscope (FESEM, JSM–6700F, JEOL), and Kratos AXIS Ultra 
X–ray photoelectron spectroscopy (XPS). All membrane samples were prepared using 
the same method as described elsewhere [36]. The EDX used an accelerating voltage 
of 5 – 20 keV. The electron beam penetration at the acceleration of 20 keV was 2.98 
µm. The x axis of the EDX spectra was the energy of the X–ray in keV, and the 
y–axis was the intensity of the X–ray signal (counts per min). In contrast, the 
penetration depth of X–ray radiation was only 0.1 – 1.0 µm for XPS. The x axis was 
the binding energy in eV, and the y–axis was also the intensity of the X–ray signal in 
counts per min. 
6.3 Results and Discussions 
6.3.1 Flux Patterns in PRO Processes 
Original RO rententate at pH 7.2. Table 6.2 tabulates the characteristics of 
TFC/PES hollow fiber membranes. When using DI water and 1 M NaCl as feed and 
draw solutions respectively, the power density reaches 22.3 ± 1.3 W/m
2
 at 20 bar with 
a permeate flux of 40.2 ± 2.3 L/(m
2∙h). When DI water is replaced by simulated RO 
retentate, as shown in batch B0 in Figure 6.2a, the initial flux drops to 29.9 L/(m
2∙h). 
During the subsequent 200 min, a rapid flux decline is observed. At t = 200 min, the 
flux is only 12.1 L/(m
2∙h), which is 40.6 % of the initial flux (Figure 6.2b). At t = 
1000 min, the normalized flux is 0.219. After water flushing using a high crossflow 
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rate of 23.3 cm/s in the shell side (Re = 2500) for 30 min, the initial flux can be fully 
restored. Without organic carbon, the simulated RO retentate appears to have more 
fouling potential. Some calcium ions in RO retentate may be complexed by organic 
components like fulvic acid [203-205], a natural complexing agent not present in the 
simulated RO retentate. As a result, less free calcium ions can react with phosphate 
salts to form scaling. 
Table 6.2 Characteristics of TFC/PES hollow fiber membranes. 
Outer diameter, µm 1059.6 ± 17.3 
Inner diameter, µm 565.5 ± 8.5 
Wall thickness, µm 246.5 ± 8.9 
Average surface area, m2 0.0008 
Pure water permeability(1), A, L/(m2∙h∙bar) 3.2 ± 0.1 
Salt permeability(1), B, L/(m2∙h) 0.3 ± 0.1 
Flux(2), L/(m2∙h) 40.2 ± 2.3 
Reverse salt flux(2), g/(m2∙h) 37.4 ± 3.7 
Power density(2), W/m2 22.3 ± 1.3 
Notes: (1) Pure water permeability and salt permeability: DI water and 2000 mg/L NaCl are circulating 
in the lumen side to test the pure water permeability and salt permeability, respectively. The feed has a 
crossflow rate of 2.2 m/s, a pressure of 20 bar, and a temperature of 25 ± 1 oC. The calculation details 
are the same as Chen et al. [36]. (2) Flux, reverse salt flux and power density: DI water is circulating in 
the shell side with a crossflow rate of 11.6 cm/s. 1 M NaCl  is circulating  in the lumen side with a 
crossflow rate of 2.2 m/s. The hydraulic pressures in the NaCl and DI water sides are 20 bar and 
atmosphere pressure, respectively. The temperatures of both sides are 25 ± 1 oC. 
When original RO retentate was used as the feed (see batch B1 in Figure 6.2a), a fresh 
membrane module was used. The initial flux was comparable between the baseline 
measurement (B0) and RO retentate (B1) due to their similar osmotic pressures of 
0.363 bar. In addition, the flux decreases as a function of time significantly. At t = 200 
min of B1, the flux decreases from 30.8 L/(m
2∙h) to 16.8 L/(m2∙h), which is 54.5 % of 
the initial water flux (Figure 6.2b). 
After DI water flushing, the initial flux can only be partially restored. In B2, the initial 
flux is 26.1 L/(m
2∙h). At t = 200 min of B2, the flux drops to 14.0 L/(m2∙h), which is 
53.6% of the initial water flux. After DI water washing, the flux can be almost fully 




2∙h) and 26.1 L/(m2∙h) respectively. The subsequent PRO tests of B3 and B4 
show a similar flux pattern as B2, but no further declines in initial fluxes were 
observed. The similar flux pattern may be attributed to the short duration of fouling 
tests and high efficiency of membrane cleaning. Future work should be done to test 
long term performance of membranes, because the water flux could decline more 
severe due to accumulation of fouling substances. At t = 200 min, the normalized 
fluxes are 0.500 in B3 and 0.535 in B4, respectively. A slight increase in fouling was 
observed as a function of cycle number (B1 to B4). 
 
Figure 6.2 Flux patterns of simulated RO retentate (B0) and RO retentate (B1‒B4). The feed, simulated 
RO retentate or original RO retentate, is circulating in the shell side with a crossflow rate of 11.6 cm/s 
at 0 bar. The draw, 1 M NaCl, is circulating in the lumen side with a crossflow rate of 2.2 m/s at 20 bar. 
B0 and B1 used fresh modules. The cleaning on the shell side is DI water flushing at a high crossflow 
velocity of 23.3 cm/s (Re = 2500) for 30 min. After physical cleaning, the concentrated feed and 
diluted draw are replaced by fresh ones and the PRO process is continued to the next batch. Each batch 
is tested for 1000 min. 
In summary, the average fluxes of B1 to B4 are 13.9 L/(m
2∙h), 12.4 L/(m2∙h), 12.6 
L/(m








































B0 B1 B2 B3 B4
(a) Simulated RO retentate (B0) under pH 7.0 ± 0.1, RO retentate (B1-B4) at pH 7.2 ± 0.3
(b) Simulated RO retentate (B0) under pH 7.0 ± 0.1, and RO retentate (B1-B4) at pH 7.2 ± 0.3
B0 B1 B2 B3 B4
(200 min, 12.1 L/m2h)
(200 min, 16.8 L/m2h)
(200 min, 0.406)




number of factors including: concentration of the feed due to the reverse salt flux, the 
internal concentration polarization (ICP) and external concentration polarization (ECP) 
on the feed side, fouling related enhanced ICP and fouling resistance on the feed side, 
the dilution of the draw solution, ICP and ECP on the draw solution side. The 
calculated SI indicates that several minerals are in the status of supersaturation at a pH 
value of 7.0. SI of hydroxyapatite Ca5(PO4)3(OH) is as high as 8.1. Previous works 
have also approved that inorganic fouling on membranes could be mainly attributed to 
calcium and phosphate [197, 201, 202]. Moreover, the existence of silicon may lead 
to the polymerization of silica. Thus fouling can readily occur within the PES porous 
support, which would impede the water transport through the membrane significantly. 
B1 has the highest average flux because a fresh membrane is used. The decrease of 
average flux in B2 is probably due to the effect of the residual silica fouling layer, the 
residual scaling layer by phosphate salts, or organic fouling, etc. In contrast, B2, B3 
and B4 have relatively consistent average fluxes, indicating that the subsequent 
residues of foulants after washing may not deteriorate the membrane performance. 
In order to confirm the effects of calcium and phosphate ions, a feed was also 
prepared containing only 1.82 mM CaCl2 and 0.48 mM Na2HPO4. The abrupt flux 
decline and a high flux recovery were also observed. It indicates that scaling by 
phosphate salts can be one of possible foulants and is reversible. A high reversible 
fouling might be attributed to the cleaning process. Because the diluted draw solution 
was still running on the lumen side at 20 bar, DI water can permeate through the 
membrane into the draw side. Thus, foulants accumulated within membrane pores can 
be washed more efficiently. Moreover, the fouling mechanisms in PRO processes are 
different from those in RO processes. In RO processes, a compact fouling layer was 
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formed due to both a high hydraulic pressure and a permeate drag force. Thus 
physical cleaning is not effective to remove the fouling layer. However, in PRO 
processes, the hydraulic pressure was on the draw side. The fouling layer in the feed 
that was formed mainly attributed to the permeate drag force. So the physical cleaning 
in PRO processes could be relatively effective due to the lack of the hydraulic 
pressure. 
Anti–scaling under low pH values. In order to reduce the SI of the major foulant, 
hydroxyapatite Ca5(PO4)3(OH), the pH value of the feed solution has been adjusted to 
an acidic condition. Based on the calculation of MINTEQ software (see column (2) of 
Table 6.3), the SI of hydroxyapatite reduces to –0.004 at pH 5.69. Therefore, the RO 
retentate is adjusted to a pH value of 5.5 which is lower than the threshold value of 
5.69 (see column (3) of Table 6.3). As a result, the SI of hydroxyapatite is –1.3. 
However, the lower pH value promotes silica polymerization [3, 58, 206]. In contrast, 
the SI of quartz increases slightly from 0.866 at pH 7.0 to 0.867 at pH 5.5. In general, 
a lower pH value could promote silica polymerization due to the presence of 
un-ionized silicic acid [58, 164, 206, 207]. However, Sheikholeslami et al. [207] 
found that at pH less than 6.5, no ionization of silica was virtually occurred. Therefore, 
no singly ionized anion can polymerize with un-ionized silicic acid. 
As shown in Figure 6.3, the flux pattern of baseline batch B0 at pH 5.5 is different 
from that at pH 7.0. The initial flux at pH 5.5 is 33.8 L/(m
2∙h), higher than 29.9 
L/(m
2∙h) at pH 7.0. Subsequently, the flux remains at the same level as the initial flux 
without the abrupt drop. At t = 200 min of B0, the flux is 33.0 L/(m
2∙h), which is 97.7 % 
of the initial flux (Figure 6.3b). Because scaling by phosphate salts is alleviated at pH 
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5.5, the initial flux is higher and the significant flux decline diminishes. After DI 
water flushing, the flux can be fully restored. 
 
Figure 6.3 Flux patterns of simulated RO retentate (B0) and RO retentate (B1‒B4) at a pH value of 5.5. 
The feed, simulated RO retentate or original RO retentate, is circulating in the shell side with a 
crossflow rate of 11.6 cm/s at 0 bar. The draw, 1 M NaCl, is circulating in the lumen side with a 
crossflow rate of 2.2 m/s at 20 bar. B0 and B1 use fresh modules. The cleaning on the shell side is DI 
water flushing at a high crossflow velocity of 23.3 cm/s (Re = 2500) for 30 min. After physical 
cleaning, the concentrated feed and diluted draw are replaced by fresh ones and the PRO process is 
continued to the next batch. Each batch is tested for 1000 min. 
Likewise, B1 shows reduced scaling by phosphate salts at pH 5.5 using RO retentate 
as the feed. The initial flux is 30.9 L/(m
2∙h). At t = 200 min, the flux is 29.1 L/(m2∙h), 
which is 93.9 % of the initial flux. This indicates that the dominant fouling in RO 
retentate at pH 7.2 is the scaling by phosphate salts rather than silica fouling. 
However, the flux of B1 is lower than that of B0 at 200 min. This flux difference may 
be attributed to the occurrence of silica fouling when using RO retentate as the feed. 
After DI water flushing, the initial flux of B2 is 29.1 L/(m
2∙h). At t = 200 min, the 
normalized flux of B2 is 0.839. After washing, the flux can be almost fully recovered. 
The initial flux is 28.9 L/(m




































(a) Simulated RO retentate (B0) and RO retentate (B1-B4) at pH 5.5
(b) Simulated RO retentate (B0) and RO retentate (B1-B4) at pH 5.5
B0 B1 B2 B3 B4
B0 B1 B2 B3 B4
(200min, 33.0 L/m2h)
(200min, 29.1 L/m2h)
(200min, 0.977) (200min, 0.939)
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normalized fluxes of B3 and B4 are 0.844 and 0.813 (Figure 6.3b), respectively. The 
flux patterns of B3 and B4 are similar to that of B2. A slight increase in fouling was 
observed as a function of cycle number (B1 to B4). 
In summary, the average flux of baseline batch B0 is 29.7 L/(m
2∙h) because the low 
pH value of 5.5 can alleviate the scaling by phosphate salts. The average pH value at 
1000 min is 5.7. In contrast, the average fluxes of B1 to B4 using RO rententate as the 
feed solution at pH 5.5 are 24.7, 21.6, 23.1, and 22.5 L/(m
2∙h), respectively. The 
average fluxes are lower than the baseline because RO rententate still has the potential 
for silica fouling, organic fouling, or inorganic fouling. In addition, the average final 
pH value is 6.8 at 1000 min. The proposed anti–fouling mechanisms are analyzed in 
the later section 6.5. 
Anti–scaling using EDTA additives. Since the major scaling is mainly due to 
calcium and phosphate ions, an anti‒scalant EDTA additive is used to reduce the 
calcium ions concentration in the solution. Based on the calculation of SI (column (4) 
of Table 6.3), when the concentration of calcium ions is reduced to 1.5 mg/L while 
keeping other components unchanged, the SI of hydroxyapatite can be reduced to –0.1. 
When 1.1 mM EDTA is added into the RO retentate (Figure 6.1), the concentration of 
calcium ions is monitored to be 1.3 mg/L which is lower than the threshold value of 
1.5 mg/L. 
As shown in Figure 6.4a, when DI water is used as the feed in batch B*, the flux 
reduction is not due to fouling but due to the dilution of draw and the effect of reverse 
salt flux. B1 is observed to have the same flux trend as B*, indicating that the fouling 
is inhibited due to the addition of EDTA. Figure 6.4b shows that the flux at t = 200 
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min remains the same as the initial flux of 28.2 L/(m
2∙h). After DI water flushing, the 
initial flux of B2 is 28.1 L/(m
2∙h). At t = 200 min, the normalized flux of B2 is 0.900 
(Figure 6.4c). 
 
Figure 6.4 Flux patterns of RO retentate pre‒treated with 1.1 mM EDTA (B1‒B2) and DI water (B*). 
The feed, modified RO retentate or DI water, is circulating in the shell side with a crossflow rate of 
11.6 cm/s at 0 bar. The draw, 1 M NaCl, is circulating in the lumen side with a crossflow rate of 2.2 
m/s at 20 bar. After physical cleaning, concentrated feed and diluted draw solutions are replaced by 
fresh ones and the PRO process is continued to the next batch. Each batch is tested for 1000 min. 
Comparisons and summary. In summary, the average fluxes of B1 and B2 over the 
entire experimental duration are 13.1 L/(m
2∙h) (Figure 6.2a), 22.7 L/(m2∙h) (Figure 
6.3a), and 24.0 L/(m
2∙h) (Figure 6.4b) when using original RO retentate at pH 7.2, 
modified RO retentate at pH 5.5, and pretreated RO retentate with 1.1 mM EDTA 
additives as feed solutions, respectively. The low pH level and EDTA pretreatment 
alleviates the scaling by phosphate salts. 
6.3.2 Osmotic Power Density Generated using RO Retentate 
Figure 6.5a shows the power density using RO retentate and 1 M NaCl as feed and 
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is as high as 17.1 W/m
2
, scaling leads to an abrupt drop of power density. At t = 1000 
min, the power density is only 5.7 W/m
2
. As a result, the average power density 
generated over the entire experiments of 1000 min is only 7.7 W/m
2
, 45.0 % of the 
initial power density. 
 
Figure 6.5 Power density using original and modified RO retentate as feeds. The original or modified 
RO retentate is circulating in the shell side with a crossflow rate of 11.6 cm/s at 0 bar. The draw 
solution, 1 M NaCl, is circulating in the lumen side with a crossflow rate of 2.2 m/s at 20 bar. B1 used 
fresh modules. The cleaning of B1 on the shell side is DI water flushing at a high crossflow velocity of 
23.3 cm/s (Re = 2497) for 30 min. After physical cleaning, concentrated feed and diluted draw are 
replaced by fresh ones and the PRO process is continued to the next batch. Each batch is tested for 
1000 min. 
With the adjustment of pH value to 5.5 (Figure 6.5b), scaling of phosphate 
compounds is inhibited initially, but the modified RO retentate still experiences the 
silica fouling. As a consequence, a gradual decline of power density is observed. 
Comparing to the previous case using RO rentate as the feed, the current case has a 
similar initial power density of 17.2 W/m
2
. However, the average power density of B1 
in the current case is much higher than that in the previous case, about 13.3 W/m
2
 or 






































































(a) Original RO retentate at pH 7.2 ± 0.3
(b) RO retentate at pH 5.5 (c) RO retentate pre-treated with 1.1 mM EDTA at pH 7.0
B1 B2
B1 B2 B1 B2
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Moreover, as shown in Figure 6.5c, addition of 1.1 mM anti–scalant EDTA into RO 
retentate inhibits scaling by phosphate salts on membrane surfaces. Even though the 
EDTA addition may slightly increase the feed osmotic pressure of modified RO 
retentate to 1.3 bar, the initial power density of B1 remains at 15.6 W/m
2 
while the 
average power density is 14.3 W/m
2
 which is 91.5 % of the initial power density.  
In summary, the average power density of B1 and B2 over the entire experimental 
duration increases from 7.3 W/m
2
 using the original RO retentate at pH 7.2 as the feed 
to 12.6 W/m
2
 using the modified RO retentate with an initial pH value of 5.5, and 
13.4 W/m
2
 using the 1.1 mM EDTA pre‒treated RO retentate. 
6.3.3 Identification of Major Foulants 
Membrane autopsy collected after 4 batches of PRO tests was used to characterize 
major foulants by FESEM images, SEM-EDX spectrometry graphs and XPS.  
When using the original RO retentate at pH 7.2 as the feed in the inner layer (Figure 
6.6a and 6.6g), a layer of square shaped crystals is observed. The EDX spectrum of 
the inner layer (Figure 6.6d) shows the presence of phosphorus elements of 0.22 
atomic%, whereas no silicon peak is observed. When the pH value of the feed 
solution is reduced to 5.5, the inner layer (Figure 6.6b and 6.6h) does not consist of 
the square shaped crystals. When 1.1 mM EDTA is added into the RO retentate, the 
square crystals of the inner layer (Figure 6.6c) are also not observed. Based on the 
energy table for EDX analyses, peaks for magnesium (Kα = 1.253 keV) and calcium 
(Kα = 3.690 keV) are very small, and the peak around 1 keV is sodium (Kα = 1.041 
keV). The very little atomic% of calcium and magnesium in EDX analyses indicates 
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that calcium and magnesium may facilitate the scaling by phosphate salts, but they are 
not the major fouling components in the inner fouling layer. 
 
Figure 6.6 SEM-EDX images and FESEM of the fouled membrane inner layers using original RO 
rententate at pH 7.2; RO rententate at pH 5.5; and pre-treated RO rententate by 1.1 mM EDTA as the 
feed. 
In contrast, silicon elements appear in the outer layers (Figure 6.7a and 6.7g) of PES 
membrane when using the original RO retentate as the feed. When the pH value of the 
feed solution is reduced to 5.5, the silica fouling layer is observed to be thinner 
(Figure 6.7b) and not observable for part of the outer layer (Figure 6.7h). After 
pretreated by 1.1 mM EDTA pretreated (Figure 6.7c), the outer layer is not fully 
covered by a fouling layer. EDX analyses (Fig. 7d-7f) also show that the peaks for 
magnesium and calcium are small. Even though metal ions, such magnesium and 
calcium, can accelerate the silica scaling kinetics [206-208], but they are not major 
constituents of silica fouling layer. 
Element Weight% Atomic%
C K 63.82 73.05
O K 26.56 22.82
Si K -0.08 -0.04
P K 0.51 0.22
S K 9.20 3.94
Ca K -0.01 0.00
5 μm
Element Weight% Atomic%
C K 64.93 74.63
O K 23.74 20.48
Si K 0.10 0.05
P K 0.43 0.19
S K 10.80 4.65
Ca K 0.01 0.00
Element Weight% Atomic%
C K 68.63 78.09
O K 19.95 17.04
Si K 0.02 0.01
P K 0.58 0.25
S K 10.79 4.60
Ca K 0.03 0.01
Original RO retentate at pH 7.2 ± 0.3 RO retentate at pH 5.5 Pre-treated with 1.1 mM EDTA at pH 7.0
5 μm 5 μm
1 μm 1 μm
(a) SEM  (b) SEM (c) SEM 
(d) EDX (e) EDX (f) EDX 




Figure 6.7 SEM-EDX images and FESEM of the fouled membrane outer layers using original RO 
rententate at pH 7.2; RO rententate at pH 5.5; and pre-treated RO rententate by 1.1 mM EDTA as the 
feed. 
The outer surface (Figure 6.8a) is fully covered by a fouling layer with a nodule-like 
structure. The EDX spectrum of the outer surface (Figure 6.8d) shows the existence of 
both phosphorus and silicon elements. An XPS wide scan is also performed on the 
outer layer (Figure 6.8g), since the penetration depth of XPS is less than EDX. Figure 
6.8g exhibits that the PES outmost surface has C 1s, O 1s and Si 2p peaks. The 
absence of sulfur peak means the original PES surface is fully covered by the fouling 
layer. The strong silica peaks and the absence of phosphorus peaks imply that the 
predominant deposit on the membrane surface is silica fouling rather than scaling by 
phosphate salts. When the pH value of the feed solution is reduced to 5.5, the outer 
surface (Figure 6.8b and 6.8e) is still covered by a silica fouling layer. Because the 
average flux at pH 5.5 is much higher than that at pH 7.2, this implies that the silica 
fouling occurring at pH 5.5 does not impede water transport significantly. Therefore, 
Element Weight% Atomic%
C K 68.01 78.03
O K 18.96 16.33
Si K 0.77 0.38
P K 0.48 0.21
S K 11.63 5.00
Ca K 0.15 0.05
Element Weight% Atomic%
C K 65.29 75.00
O K 23.08 19.90
Si K 1.46 0.72
P K 0.72 0.32
S K 9.38 4.04
Ca K 0.06 0.02
5 μm
Original RO retentate at pH 7.2 ± 0.3 RO retentate at pH 5.5 Pre-treated with 1.1 mM EDTA at pH 7.0
5 μm 5 μm
Element Weight% Atomic%
C K 54.81 65.15
O K 32.27 28.80
Si K 4.58 2.33
P K 0.51 0.24
S K 7.80 3.47
Ca K 0.03 0.01
(a) SEM  (b) SEM (c) SEM 
(d) EDX (e) EDX (f) EDX 
(g) FESEM (h) FESEM 
 127 
 
the flux decline when using the original RO retentate as the feed could be mainly 
attributed to phosphorus compounds scaling rather than silica fouling. When 1.1 mM 
EDTA is added into the RO retentate, the outer surface (Figure 6.8c and 6.8f) still 
contains the silica fouling layer. It is worth mentioning that the outer surface (Figure 
6.8c) is not fully covered by the silica fouling layer. 
 
Figure 6.8 SEM-EDX images and XPS of the fouled membrane outer surfaces layers using original RO 
rententate at pH 7.2; RO rententate at pH 5.5; and pre-treated RO rententate by 1.1 mM EDTA as the 
feed. The XPS wide scan included C 1s, O 1s and Si 2p peaks of the fouled PES outer surface. 
In summary, scaling by phosphate salts is found to be the dominant scaling on the 
inner layer of the TFC/PES membrane during the PRO power generation process. In 
contrast, silica fouling is mainly occurred on the outer membrane surface. Silica 
fouling may not fully block the large pores on the outer surface, thus the water can 
still transport freely through the membranes. 
Element Weight% Atomic%
C K 33.85 44.57
O K 43.91 43.41
Si K 15.12 8.52
P K 0.32 0.16
S K 6.59 3.25
Ca K 0.20 0.08
Element Weight% Atomic%
C K 34.11 45.33
O K 41.54 41.45
Si K 15.71 8.93
P K 0.50 0.26
S K 7.96 3.96
Ca K 0.18 0.07
Element Weight% Atomic%
C K 54.81 65.15
O K 32.27 28.80
Si K 4.58 2.33
P K 0.51 0.24
S K 7.80 3.47
Ca K 0.03 0.01





















×100 (g) XPS wide scan
(a) SEM  (b) SEM (c) SEM 
(d) EDX (e) EDX (f) EDX 
Original RO retentate at pH 7.2 ± 0.3 RO retentate at pH 5.5 Pre-treated with 1.1 mM EDTA at pH 7.0
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6.3.4 Cleaning Efficiency and Reversibility 
Figure 6.9 compares the average cleaning efficiencies between using DI water and air 
bubbling to clean the fouled 1
st
 batch B1 membranes at a crossflow velocity of 23.3 
cm/s in the shell side (Re = 2500). 
 
Figure 6.9 Cleaning efficiencies using DI water flushing (white column) and air bubbling (black 
column) under a high crossflow velocity of 23.3 cm/s (Re = 2500) for 30 minutes. 
In the simulated RO retentate (Figure 6.9), flux can be recovered to 100.0 % by both 
methods. However, when the RO retentate is applied as the feed, the flux cannot be 
fully recovered. The cleaning efficiencies can still reach 84.9 % and 95.0 % by DI 
water flushing and air bubbling, respectively. An improved situation is observed when 
the initial pH value of RO retentate is 5.5. As the scaling by phosphate salts is 
alleviated, the flux recovery using DI water flushing increases to 94.6 %, which is 
higher than 84.9 % using the original RO retentate at pH 7.2 as the feed solution. 
However, air bubbling can achieve 100 % flux recovery. After anti–scalant EDTA 
























air bubbling. The high cleaning efficiency may also be attributed to the different 
cleaning process, which is keeping the diluted draw solution running on the lumen 
side at 20 bar. Due to the osmotic pressure difference, DI water during cleaning can 
permeate through the membrane into the draw side. Thus, foulants accumulated 
within membrane pores can be washed more efficiently. Coarse air bubbles are 
observed to induce vibration of the hollow fibers, so the mechanical energy helps to 
dislodge the fouling layer from the membranes. 
Using RO retentate as the feed, after DI water flushing, EDX analyses show that there 
still exists the residue of phosphorus on the inner layer of membrane (Figure 6.10d) 
and the residue of silica on the outer surface (Figure 6.10). These residues may 
contribute to a low cleaning efficiency of 84.9%. However, no square shaped crystals 
are observed on the inner layer of the membrane after DI water flushing (Figure 
6.10a). This indicates that scaling by phosphate salts is reversible without using 
chemical cleaning in the PRO processes. 
 
Figure 6.10 The SEM-EDX images of cleaned membranes after being fouled by the original RO 
retentate followed by DI water flushing.  
 
Element Weight% Atomic%
C K 67.09 76.53
O K 21.90 18.76
Si K -0.05 -0.02
P K 0.70 0.31
S K 10.34 4.42
Ca K 0.01 0.00
Element Weight% Atomic%
C K 58.75 69.20
O K 28.12 24.87
Si K 2.19 1.10
P K 0.95 0.44
S K 9.91 4.37
Ca K 0.08 0.03
Element Weight% Atomic%
C K 65.98 74.90
O K 24.85 21.18
Si K 0.34 0.17
P K 0.59 0.26
S K 8.23 3.50
Ca K 0.00 0.00
(a) Inner layer (b) Outer layer (c) Outer Surface
(d) EDX (e) EDX (f) EDX 
(a) SEM  (b) SEM (c) SEM 
5 μm 5 μm 5 μm
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6.3.5 Fouling and Anti–fouling Mechanisms 
Dissolved salts and organic molecules in RO retentate may lead to inorganic fouling 
and organic fouling, respectively. In this study, scaling by phosphate salts and silica 
fouling are two dominant fouling on the TFC/PES hollow fiber membranes. 
 
Figure 6.11 Proposed fouling mechanisms of scaling by phosphate salts and silica fouling on TFC/PES 
membranes using (b‒c) original RO retentate and modified RO retentate: (d‒e) with a low pH value of 
5.5 or (f‒g) pre‒treated with 1.1 mM EDTA. 
As shown in Figure 6.11b, the permeate drag force concentrates the calcium and 
phosphate ions to the inner layer of PES. Because the SI of one of the phosphate 
compounds, hydroxyapatite, is 8.1 which is much higher than 0, the scaling occurs 
spontaneously. A layer of square shaped scaling by phosphate salts blocks the small 
pores of the PES membranes and leads to an abrupt flux decline, as illustrated in B1 
of Figure 6.2.  
Figure 6.11c elucidates the possible silica fouling mechanisms. Similar to Li et al.’s 











































































































dissolved silica rather than colloidal silica or particulate silica. This is confirmed by 
the fact that, after filtering the original RO retentate through a 0.12 μm membrane 
filter, the permeate contains the same concentration of silicon as the original one. Part 
of dissolved silica may be in the form of unionized monosilicic acid (i.e., H4SiO4) at a 
neutral pH level 7.2. The condensation of silica occurs with the presence of hydroxide 
groups (Eq. (6.4) and (6.5)). 
  OHSiOOHOHOHSi 234 )( 

            (6.4) 
        OHOHSiOSiOHOHSiSiOOH 3343)(        (6.5) 
The polysilicic acid is formed and then collides and combines with the membrane 
surface [206, 209]. The rate of silica polymerization is accelerated by the presence of 
calcium and magnesium ions. Due to the lack of hydroxide group on the PES surface, 
the TFC/PES fiber may avoid the condensation of silica with its outer surface [3, 208]. 
Thus, silica fouling may form a porous fouling layer, which may not significantly 
deteriorate the membrane performance. 
Lowering pH level leads to an increment in the solubility of phosphate salts (Figure 
6.11d). Therefore, the scaling by phosphate salts is alleviated at pH 5.5. Because of 
the chemical reactions, the average pH value increases from 5.5 to 6.8 in the batches 
of RO retentate, but it increases a little from 5.5 to 5.7 in the batches of simulated RO 
retentate. Based on the known chemical compositions in Table 6.1, the change of pH 
value may be related to Eq. 6.4 to 6.6. 
  42
2
4 POHHHPO                (6.6) 
At a pH value of 5.5, the major species could be H2PO4
‒
 (pKa1 = 2.12), HPO4
2‒
 (pKa2 
= 7.21), and H4SiO4 (pKa1 = 9.8). During the polymerization, removal of H4SiO4 may 
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result in an increase in solution pH (Eq. 6.4 and 6.5). Lowing pH level is a good 
strategy to alleviate scaling by phosphate salts in PRO processes if RO retentate is 
used as the feed. However, calcium, magnesium, phosphate salts will augment the 
silica polymerization in the long run. Therefore, anti‒scalants for silica may also be 
needed. 
The chelating agent, EDTA can be used as a scale inhibitor. At a neutral pH, the 
principal species of EDTA is HEDTA
3‒
 (pKa5 = 6.13). The deprotonated carboxyl 




 via ionic bonding (Figure 
6.11g). After being bound, EDTA complex remains in solution but the scaling 
reactivity of ions is diminished. In addition, the rate of silica polymerization is much 
lower due to the absence calcium and magnesium ions. As a result, the membrane 
surface is not fully covered by silica fouling layer after adding EDTA. EDTA is 
effective but expensive [200, 210]. The future work is to study alternative 
anti‒scalants for silica and to test their long term performance using different 
anti‒scalants. 
6.4 Conclusion 
The power density and fouling propensity of RO retentate have been studied using 
state‒of‒the‒art TFC/PES hollow fiber membranes for osmotic power generation. It 
was found that fouling by phosphate salts and silica in RO retentate led to significant 
declines in water flux and power density. The average power density of the first two 
batches in PRO tests was only 7.3 W/m
2
 using the original RO retentate at pH 7.2 as 
the feed and 1 M NaCl as the draw solution at 20 bar. Lowering pH level alleviated 





 using the modified RO retentate with an initial pH value of 5.5. The final 
pH level at 1000 min was 6.8, which was suitable for discharge. The addition of 1.1 
mM anti‒scalant EDTA into RO retentate can inhibit scaling by phosphate salts and 




Without chemical cleaning, the fouled membrane using the original RO retentate as 
the feed solution had a cleaning efficiency of 84.9 % by DI water flushing and 95.0 % 
by air bubbling at a crossflow velocity of 23.3 cm/s (Re = 2500) for 30 min after the 
PRO test. When the initial pH value of RO retentate was reduced to 5.5, the cleaning 
efficiencies were improved to 94.6 % by DI water flushing and 100 % by air bubbling. 
If RO retentate was pre‒treated by 1.1 mM EDTA, 100 % recovery of flux could be 
reached by means of either cleaning methods. Future work will focus on optimizing 
the EDTA dosage and to study other anti‒scalants. Phosphorus and silica removal 




Chapter 7. Conclusions and Future Work 
Membrane fouling (i.e., inorganic fouling, organic fouling and colloidal fouling) has 
been studied in engineering osmosis processes, i.e., forward osmosis (FO) and 
pressure retarded osmosis (PRO) processes. It was found that the fouling behaviors of 
membranes in FO relied on the membrane properties, so that reduced ionic 
interactions between gypsum crystals and positively charged PBI surfaces alleviated 
gypsum scaling, and the micrometer‒scale ridge and valley structure on the positively 
charged PBI membranes can further reduce gypsum scaling. In contrast, alginate 
fouling in PRO could be augmented due to a high hydraulic pressure on the draw side. 
Alginate fouling was found to be the dominant fouling mechanism for both (1) 
alginate conditioning and then scalants fouling and (2) scalants conditioning then 
alginate fouling experiments at high pressure PRO tests. Interestingly, the effects of 
reverse salts flux could be different on gypsum scaling and alginate fouling. The 
reverse salt flux was found to inhibit gypsum scaling by competing with calcium ions 
but enhance alginate fouling via salt concentration polarization layer. In the real R 
retentate, the fouling was complex due to its complex compositions. It was found that 
fouling by phosphate salts and silica in RO retentate led to significant declines in 
water flux and power density in PRO processes. Therefore, pretreatment by either pH 
adjustment or EDTA was effective to lower the fouling potential. However, the 
dosages of additives were not optimized for the practical use. In the future work, more 
studies should be done on pretreatments, cleaning, and membrane modifications. 
Based on the properties of different feed compositions, the fouling mechanisms varied 
and anti‒fouling strategies should also be modified accordingly. 
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